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1. General introduction 
Microgels can be defined as the intramolecular, slightly cross-linked particles. Dimensionally, 
microgels can be considered as colloidal particles which have average diameter between 20 
nm-1µm [1], although larger particles have also been produced [2]. However, numbers of other 
terms have also been used in literature to describe cross-linked particulate systems, such as 
hydrogel microsphere [3,4], latex particle [5,6], submicron gel bead [7], or nanoparticles [8]. 
Though, the term “microgel” seems to be the most precise one, indicating not only the 
dimension of particles but also their crosslinked structure. Because of the porous “sponge-
like” structure, microgels swell in good solvents. However, unlike to linear or branched 
polymers, this swelling is limited. Particles are insoluble and do not form homogeneous 
solutions.  
Generally, microgels display colloidal behaviour. They can be flocculated by the addition of 
salts and show a high surface-to-volume ratio that is several orders of magnitude larger than 
that of a comparable macrogel (bulk gels). Like macrogels, microgels can be characterized in 
terms of their water content, the average crosslinking density or characteristic time constant 
for swelling or shrinking, where fully swollen or collapsed state is in good or poor solvent, 
respectively. This superposition of the favourable properties of gels (dimension stability, 
solvent retention and elasticity), with the small dimensions of colloidal particles (fast swelling 
kinetics, formation of ordered arrays) has made microgels of great interest for the scientific 
researches and potential applications. 
In recent years, considerable interest has been focused on the development of so-called smart 
microgels, that is, the ones which exhibit sensitivity in terms of their swelling behaviour, to 
such changes in environmental conditions like temperature, pH, ionic strength etc. Among 
them, temperature sensitive microgels have gathered the biggest interest, where the most 
studied class are microgels based on poly(N-isopropylacrylamide) (PNIPAM). The interest 
derives from the fact that the heat induced changes in the swelling states offer opportunities to 
use in a wide range of applications.  
Many aspects must be taken into account in order to obtain stimuli sensitive colloidal particles 
with desired properties. However, one of the most important features of microgels is the 
swelling and deswelling behaviour. Generally, swelling properties can be controlled and 
manipulated by the structure of particle: the presence of hydrophobic/hydrophilic groups, 
different crosslinking density or by the presence of additives (salts, surfactants etc). Swelling 
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as a phenomenon is governed by diffusion-controlled processes [9]. Since it is not easy to 
change cooperative diffusion coefficient, the decrease of gel size has been considered to be 
the best way to obtain gels with sufficient response times. In other words, the slow dynamics 
of swelling process in macroscopic gels can be overcome and accelerated only by the 
preparation of gel particles with dimensions in the submillimetres range (20 nm – 1 µm). 
On the other hand, most of microgels are synthesised by free radical polymerisation of 
monomer, in presence of surfactant and crosslinker. Such way of microgels preparation leads 
to spatial inhomogenenity of crosslinker in the microstructure of the gels [10]. These defects 
degrade the microgel properties. Additionally, kinetics measurements made for example for 
NIPAM showed that commonly used crosslinker (N, N`-methylenebis(acrylamide)) have a 
higher polymerisation rate, than the monomer. This may suggest that growing mechanism 
within microgels particles is not uniform, where distribution of crosslinker is radially 
decreasing in the particles [11,12].  
In some cases formation of microgels occurred without the introduction of chemical 
crosslinker into the system, for example by self-crosslinking as the result of chain transfer 
reaction [13,14] or by γ-irradiation of linear chains [15]. However, major drawback of these 
systems is the fact that the crosslinking must be carried out at highly diluted solutions, in 
order to avoid extensive intermicellar crosslinking.  
In emulsion polymerisation, which is the most common technique for microgels preparation, 
the main difficulty is the complete removal of residual surfactant. This contamination not only 
influences the swelling-deswelling behaviour of the final microgel particles, but may even 
lead to complete elimination of temperature sensitivity of microgels at high surfactant 
concentration [16]. At room temperature surfactants bind to microgels, resulting in better 
swelling and tending to increase volume phase separation temperature, what may limit the use 
of such microgels. On the other hand, by this technique it is very difficult to obtain 
monodispersed microgel particles in complete absence of surfactant. Additionally, typically 
during microgels formation significant amount of sol fraction (i.e. unreacted monomer, linear 
or slightly branched polymers) remains and must be removed, what is a rather time 
consuming process.   
A special class of microgels constitute stimuli sensitive microgels. For such kind of gels 
important feature is their behaviour under change in environmental conditions. For example, 
for temperature sensitive microgels, at room temperature, water behaves as a good solvent 
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through hydrogen bonding and microgels are in swollen state. These interactions with water 
are increasingly disrupted upon heating, water starts to act as the poor solvent and microgels 
undergo reversible deswelling and gradually collapse. In this temperature range, hydrophobic 
interactions become dominant and microgels may aggregate and precipitate from the solution. 
Thus, from the point of view of future applications (carriers, actuators etc.) enhanced stability 
upon applied stimuli is required. 
In order to avoid the presence of surfactant but retain colloidal stability functional microgels 
containing hydrophilic segments can be applied. This functionalisation of microgels can 
additionally combine several objectives. For example, by incorporation of functional groups 
volume phase transition behaviour can be controlled, where both, the absolute value of 
volume phase transition temperature and the breadth of the swelling transition, can be 
influenced. Functionalisation can also provide reactive sites for postmodification of the 
microgel.  
However, designing of functionalised microgels with specific properties is complicated by the 
fact that both the total number of functional groups and their distribution within microgels 
play the crucial role in controlling their properties. In addition, the distribution and 
accessibility of functional groups are critical in determining the types of applications, for 
example microgels designed for attachment of other substances (enzymes) would contain 
functional groups at, or near microgels surface, accessible for chemical reactions. On 
contrary, microgels targeted for drug delivery applications should contain internal functional 
groups whose access is diffusion controlled. 
By obtaining the high degree of control over these properties and the stimuli that induce 
property changes, complex polymer structures must be assembled. The tailored copolymers 
may be synthesized either to spatially localize chemical functionalities to the defined position, 
to improve colloid stability upon change in environmental conditions, and finally, to obtain 
specific physical properties of the particles. 
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2. Objectives 
The aim of this work was the synthesis and characterization of temperature and pH sensitive 
core-shell microgels with controllable functional groups distribution. To diminish limitations 
mentioned in the introduction part, the novel approach was developed. The general idea 
involved the organization of well-defined block copolymers, into micellar assemblies, 
followed by stabilization of collapsed core upon crosslinking by hydrophilic shell. As a result 
of crosslinking monodispersed, stable, both surfactant and crosslinker-free microgels, 
showing an amphiphilic core-shell morphology, were synthesised. Additionally, in such 
prepared microgels more uniform distribution of crosslinking points, than can be obtained 
using chemical crosslinkers, was expected. The morphology of core-shell microgel is 
presented in Figure 2.1. 
 
Hydrophilic block of poly(glycidol)  
 
 
Crosslinked block of poly(4-vinyl pyridine)
 or PNIPAM 
 
 
Figure 2.1. Morphology of stimuli sensitive core-shell microgels. 
As hydrophilic block poly(glycidol) was used. As stimuli responsive block two different 
polymers were used: thermosensitive poly(N-isopropylacrylamide) and poly(4-vinylpyridine) 
as pH-sensitive segment. 
To achieve this aim, the following synthesis approach was applied: 
• As it was mentioned, in many cases, stimuli responsive microgels are prepared by 
emulsion or precipitation polymerisation using emulsifiers and surfactants. The presence 
of these substances in gel formation strongly influences the final properties, mainly the 
volume phase transition temperature [17] or the size [6]. In order to avoid the addition of 
these substances during microgel formation, stability of aggregates above phase 
separation conditions was achieved by formation of hydrophilic outer shell. Such effect 
was obtained by the use of well-defined block copolymers as material for microgel 
preparation.  
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• In order to obtain well-defined, linear block copolymer (A–B) structures, controlled 
polymerisation processes were applied. The polymers were prepared by combination of 
two techniques: anionic polymerisation and atom transfer radical polymerisation (ATRP). 
In the first step, ω-ended functionalised polymers were synthesised and after small 
transformations were used as initiator of the polymerisation of the second monomer 
(macroinitiator technique).  
• Generally, amphiphilic block copolymers, with their selective solubility exhibit 
interesting solution properties. One of them is their reversible, associative behaviour, 
where the insoluble parts collapse to minimize their contact with the solvent and segment 
aggregation appear. The “insoluble” blocks form dense cores, where the soluble blocks 
extended out into the solvent to form swollen coronas [18]. However, the amphiphilicity of 
block copolymers can also be induced for copolymers containing temperature or pH-
sensitive segments when an appropriate stimulus is applied. Such polymers are dissolved 
as unimers beyond the critical value of pH or temperature, respectively. By applying the 
stimulus the solvent changes from “good” to “bad”, aggregates formation is induced. This 
phenomenon was applied in formation of microgels. 
• It is known that solution behaviour of linear polymers can be compared to properties of 
polymer networks, when composition is constant. In connection with this fact, in order to 
investigate the influence of concentration, temperature, composition etc. on stimuli-
sensitive properties of desired microgels, firstly properties of uncrosslinked copolymers 
were investigated. 
• In case of formation of PNIPAM based microgels, the crosslinker was introduced directly 
to the PNIPAM block of the copolymer. As the reactivity indexes of the used crosslinker 
and NIPAM are similar, random distribution of crosslinker was obtained. It allowed to 
minimized spatial inhomogeneities and produce the microgels, where final distribution of 
crosslinking points in gel should be uniform. 
• In order to obtain monodispersed nanoparticles, the novel method of crosslinking under 
controlled conditions was used. Depending from the properties of the block copolymers 
the photocrosslinking or quaternization reaction was applied in order to introduce 
conjunctions between polymer chains. The reaction was carried out under phase 
separation conditions of block copolymers, when the compact core of aggregate was 
formed.  
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Such conditions were crucial. The core must have reached the sufficient high solid 
density, so that interchain crosslinking was ensured, in stead of dimerization or branched 
polymer formation. By utilizing this self-assembling approach, followed by crosslinking, 
insoluble permanent nanostructures were obtained. However, suitable conditions (time, 
concentration, etc) must have been found for effective microgels formation. The 
described above approach is presented schematically in Figure 2.2. 
 
 
 
 
Crosslinking 
T<< Tc
T >> Tc
 
Stimuli
Figure 2.2. Stimuli induced self assembling phenomenon of block copolymer, followed by 
microgels formation. 
• For the future applications, the synthesis of small-sized, uniform and monomodal 
particles was desired. It is of scientific and technological interest that the size of 
microgels stays in region of nanometers, because it enables easier encapsulation of 
various materials. The uniform size of microgels is also important. For example, the 
distribution of the microcapsules within the body is greatly affected by the particle size [1]. 
Additionally, if monodispersed microcapsules are available the drugs release kinetics can 
be manipulated, allowing traversing organs and minimizing any potential irritant reaction 
at the injection site.  
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3. Literature review 
3.1. Gels and their classification 
Polymers with three-dimensional network structures, slightly crosslinked to each other, are 
used to be called gels [19]. Because the of crosslinked structure they are insoluble in any 
solvent, but can swell, what leads to macroscopic changes in sample dimension. However, 
there is no universal definition of a gel. Gels can also be defined as a “infinitive structure” 
indicating that all polymer chains of the network are connected to each other and form one, 
big molecule. They also can be described as two component materials, which consist of 
polymer network and solvent.  
Usually, the gels consist of a large amount of solvent and a very small polymer fraction. 
When the network is thermodynamically compatible with the solvent it starts to swell. Gel 
absorbs liquid and prevents it from escaping, holding large amount of solvent inside. The 
properties of gels depend on the interaction of these two components i.e. the polymer and its 
associated fluid. The liquid prevents the polymer network from collapsing into a compact 
mass and the network retains the liquid. For example, only a few grams of gelatine powder 
are necessary to immobilize 100 g of water [9].  
This fact has strong influence on properties, because swollen gels are in state between solids 
and liquids, and, as a matter of fact, they show the properties of both. In fully swollen state 
gel acts as a soft material with properties close to liquids. The network is solvated by large 
amount of trapped solvent, and polymer chains exhibit great mobility. However, even in these 
conditions they keep the shape like a solid. 
A special place between the variety of gels belongs to hydrogels. Those are gels where water 
is the swelling agent. Because of the similarity of hydrogels to the human body, they found 
wide applications in the biomedical field. The unique properties of hydrogels have been also 
used in agriculture, cosmetics industry or in separation processes [20-25].  However, the interest 
of hydrogels synthesis is still growing, what should lead to the other new applications.  
The formation of polymer network can be achieved mainly in two ways. The most common 
one is covalent crosslinking, generally obtained by addition of crosslinking agents to the 
mixture of monomer and initiator. The other possible route is the step addition polymerisation 
of oligomeric multifunctional precursors. Hence, crosslinking points are permanent and fixed.  
3 Literature review 
On the other hand, gels can also be formed via secondary forces like hydrogen bonding, 
coordination bonding, or electrostatic interactions. When secondary forces are applied, so- 
called physical networks are formed.  
Gels can be classified according to other criteria. For example, one of them is the type of 
crosslinking, where according to Flory [26], four classes of gels can be distinguished: 
1) Well ordered lamella structures (soap gels or clays); 
2) Covalent polymer networks completely disordered; 
3) Polymer networks formed by physical association, predominantly disordered but 
including some local ordered regions;  
4) Amorphous globular structures.  
With respect to size, gels can be classified into two groups: macrogels (bulk gels with size 
larger than 100 µm) and microgels (smaller than 100 µm). Sometimes, additional subgroup of 
nanogels (smaller than 200 nm) can also be distinguished to emphasize nano-dimension sizes.  
For macrogel formation, high monomer or initial polymer concentration is required. However, 
under these conditions a tendency to create undesirable higher crosslinking density on the 
outside part of the gel (skin-layer formation phenomenon) exists. For in situ gel formation an 
important parameter is also the reactivity ratio between monomer and crosslinking agent. If 
the reactivity of crosslinker is too high or too small in comparison to monomer, crosslinking 
reaction intensifies at the beginning or at the end of the reaction, respectively, resulting in 
undesired microgelation. As the result, structure of formed macrogels is inhomogeneous, 
containing a lot of different defects (see Figure 3.1). 
    A                            B                                 C                                D 
 
 
Figure 3.1. Different types of inhomogeneities in polymer gels [27]: A – spatial, B – 
topological, C – connectivity, D – mobility defects.  
In comparison to macrogels, microgels are synthesised in dilute solution, where the distance 
between molecules is larger. Under such conditions intermolecular crosslinking is more 
difficult, what entails intramolecular crosslinking appearance. As the result the polymer 
network consists of only several crosslinked polymer chains. 
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3.2. Linear stimuli sensitive polymers 
In this thesis, the behaviour of stimuli-sensitive microgels, as well as, of stimuli sensitive 
polymers containing temperature or pH sensitivity was described. Therefore, in the literature 
review linear and crosslinked molecular architectures will also be discussed in some detail. 
Special attention will be also paid to stimuli-sensitive properties of microgels and to the 
influence of structure and additives on these properties.   
3.2.1.  Phase Separation Phenomenon 
Recently, great interest was paid to the polymers, which exhibit conformation transition under 
small changes in the surrounding environment. The interest in this phenomena is based on 
several factors, where very important is the fact that many biological systems exhibit similar 
conformation changes upon changes in environment. Such behaviour qualifies these polymers 
as possible materials for biotechnological applications. Additionally, their adjustable 
properties can be also used in so-called smart devices technology (as reactors, sensors, 
actuators and others), where stimuli “on-off” properties are desirable.  
There are many different stimuli, which induce the response of polymer systems. They are 
usually classified into two groups: chemical and physical stimuli. Briefly, they are listed in 
Table 3.1.  
Table 3.1. Classification of stimuli [12]. 
Physical Chemical 
 
Temperature 
Solvents 
Electric field 
Pressure 
Mechanical stress 
UV light  
pH 
specific ions 
chemical agents 
biochemical agents       
(enzymes) 
The most commonly used stimuli are ionic strength, pH and temperature. Since, firstly 
temperature is relatively easy to control; secondly it is easy applicable during both in vivo and 
in vitro reactions [28] the temperature is the most widely applied stimulus in responsive 
polymers systems.  
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If polymer solution consists of one phase below a specific temperature, but become phase 
separated above it, this temperature is called phase separation temperature (Tc) and polymer 
exhibits lower critical solution temperature (LCST) behaviour [12]. The LSCT is defined as the 
minimum of the phase separation curve on concentration vs. temperature diagram. It is 
understand as the lowest temperature at which the polymer solution can separate into two 
phases. When the polymer is heated above its critical temperature, the interactions in polymer 
chains are changing. The release of bounded water from polymer backbone occurs and the 
polymer changes its state from hydrophilic to hydrophobic. As the result it precipitates from 
the solution. 
Sometimes also the term cloud point is used in order to describe the properties of temperature 
sensitive polymers. The cloud point of the polymer refers to each temperature in which phase 
separation of polymer appears. The polymer exhibits then many cloud points, which values 
can be find on the curve concentration vs. temperature. However, as it was mentioned only 
one of cloud point values, the lowest one, is classified as LCST temperature. 
Upon dissolution polymer-polymer and solvent-solvent interaction are destroyed, and new 
solvent-polymer interaction are formed. If the free energy of mixing is negative, the mixing 
process occurs spontaneously. Since the dissolution of the high molecular weight polymer is 
always associated with a very small positive entropy change, the enthalpy term is the crucial 
factor determining the sign of the Gibbs free energy change. The enthalpy of mixing is 
exothermic. In case of the temperature sensitive polymers its value is higher than the entropy 
term at temperature lower then LCST. As the result polymer dissolves in water. However, in 
temperatures above LCST the entropy term starts dominating over exothermic enthalpy, 
resulting in the positive value of the free energy. This leads to the phase separation and 
precipitation of the polymer from the solution.  
The phase transition, followed by the aggregation above LCST temperature of this polymer 
chains, can be explained in terms of changing interaction upon heating as well. At lower 
temperatures, despite of hydrophobic interactions, the polymer is soluble due to strong 
hydrogen bonding with water [12]. With an increase of temperature, hydrogen bonds become 
weaker and, when the temperature reaches LCST, are broken. The polymer becomes 
hydrophobic and precipitates from the solution. 
In systems, which show the critical solution behaviour upon change of temperature, fine 
hydrophobic-hydrophilic balance determines the LCST behaviour. The introduction of 
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hydrophilic monomers into chains of temperature sensitive polymers will increase the LSCT 
value, or even lead to its disappearance (polymer will be soluble in the whole range of 
temperatures). In contrast, addition of small amounts of hydrophobic constituent was reported 
to decrease LCST value, or even lead to its dissolubility in water [12].  
In real stimuli-sensitive systems, all these changes should be reversible with no inherent limit 
in lifetime. There are many polymers which exhibit critical solution behaviour in water. Some 
examples of temperature sensitive polymers are listed in Table 3.2.  
Table 3.2. Examples of thermally sensitive polymers. 
Name Code LCST [°C] Lit. 
Poly(N-substituted acrylamides) 
Poly(N-isopropylacrylamide) 
Poly(N-isopropylmethacrylamide) 
Poly(N,N-diethylacrylamide) 
Poly(N,N-diethylaminoethyl-methacrylate) 
Polymers with ether groups 
Poly(ethylene oxide) 
Poly(methylvinylether) 
Others: 
Poly(vinylcaprolactam) 
Poly(2-ethyloxazoline) 
 
PNIPAM 
PNIPMAM 
PDEAAM 
PDEA 
 
PEO 
PVME 
 
PVCL 
PEtO 
 
32-34 
38-42 
32 
50 
 
96 
34-38 
 
32-40 
65 
 
[20-25] 
[29] 
[30] 
[31] 
 
[32] 
[ 33] 
 
[ 34-35] 
[36]
3.2.2. Temperature sensitive polymers - poly(N-isopropylacrylamide) 
The interest in LCST behaviour of the temperature sensitive polymers derives from the fact 
that drastic structural change appearing in Tc range can in principle allow to adjust the final 
material properties by simple temperature change. This further could give the possibility to 
modify properties of materials in direction of desired applications.  
The poly(N-substituted)acrylamides seems to be the most promising polymers, which can be 
used in many applications. Among then the most well-known thermosensitive polymer is 
poly(N-isopropylacrylamide) (PNIPAM). The experimentally determined cloud point values 
of this polymer varied from 30 °C to 35 °C and were the function of two factors: the exact 
microstructures of polymer and its concentration [12].  
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The phase separation of PNIPAM is a transition from isolated, extended coils to compact, 
globular structures and is presented in Figure 3.2. 
 
 
stimuli 
 
Figure 3.2. Phase separation behaviour in water [12]. 
Upon dissolution of PNIPAM water surrounds polymer backbone, and forms hydrogen bonds 
with the hydrophilic amide group. For this polymer the entropy of mixing is negative. It is 
because the dissolution of PNIPAM requires special water rearrangement to form favourable 
H-bonds, in spite of hydrophobic interactions with polymer backbone and N-substituted 
isopropyl group. Highly-organized water layers are formed causing a decrease of the solution 
entropy [1]. However, the enthalpy effect overcomes the decrease in entropy and polymer stays 
in solution. By rising the temperature above LCST the entropy term starts dominating over 
exothermic enthalpy, and free energy change becomes positive upon mixing. As the 
consequence, phase separation occurs.  
3.2.2.1. Detection of phase separation temperature  
A number of techniques have been applied in order to observe phase separation behaviour of 
different polymers. To detect a coil to globule transmission, and determine the size of 
globules, dynamic and static light scattering (DLS and SLS) were applied [27, 37-38]. To 
measure phase separation temperature some turbidimetric measurements [39-44] were also 
made. The transition heat was determined using differential scanning calorimetery (DSC) [45]. 
Also viscometry [46-47], 1H NMR spectroscopy [48-49] or fluorescence studies [50-53] were 
performed.  
Due to a fact that the variety of techniques is suitable for investigation of thermo-sensitive 
properties of polymers, in this part, only techniques applied in this work will be described in 
details.   
• Visual observation of solution turbidity changes 
Since the turbidity of the polymer solution changes upon heating, one of the simplest and 
convenient method of determination of phase separation temperature of PNIPAM is cloud 
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point estimation method based upon simple visual observations. Below the phase transition 
PNIPAM chains are soluble and polymer solution is transparent. Gradually heated, the strong 
turbidity increase occurs at the temperature around the phase transition. The sample stays 
turbid upon further heating. 
However, as the nature of precipitation processes is more complicated, visual cloud point 
technique is only suitable to measure aggregation stage of phase separation process. 
Nonetheless, advantage of this technique is its simplicity and the fact that results are not very 
concentration sensitive [39], what permits to measure at a higher concentration range. 
According to [40] in cloud point measurement, the molecular weight distribution (Mw/Mn) of 
polymer has not a strong influence on the Tc value.  
• UV-VIS 
Because of the fact that above phase separation temperature PNIPAM aqueous solutions show 
strong scattering, turbidity changes upon heating can be determined also by UV-VIS 
spectrophotometry. Both the transmission or absorbance measurements can be applied. The 
cloud point can be determined as the plot of solution transmittance or absorbance as the 
function of temperature for selected wavelength. The occurrence of the phase separation of 
PNIPAM is accompanied by the sharp decrease of transmittance or by increase of absorbance 
value. However, UV-VIS spectrophotometry is a wavelength-dependent method, since with 
any wavelength, one can only detect a certain minimum dimension of precipitated particles. 
As the result samples with smaller molecular masses (Mw ∼10000) may exhibit broader cloud 
point curves in comparison to samples with higher molar masses [12].This problem can be even 
more prevalent in systems with additives, where the LCST might appear to change with the 
wavelength [1].  
It should be also noted that there is some controversy in determination of Tc value from 
gathered data, quoted by different authors [43,44]. The most common method, which was also 
used in this work, considers the Tc as the temperature at the inflection point of the normalized 
transmittance (or absorbance) versus temperature curve. Using this method it is also possible 
to investigate the phase separation process, when cooling back run is investigated. The 
investigation of the polymer behaviour upon heating and cooling measurements allowed also 
observation of hysteresis phenomenon, when different PNIPAM copolymers were 
investigated [41-44].  
 
3 Literature review 
14 
• Differential scanning calorimetery (DSC) 
As the phase separation occurs in the aqueous system, the temperature and heat of this process 
may be also investigated by differential scanning calorimetery (DSC). This method is based 
on the measurements of the energy which has to be applied to the system to destroy hydrogen 
bonds between polymer and water molecules. As it was described previously, at temperatures 
close to Tc, the character of PNIPAM changes drastically. The energy used for this interaction 
breakage refers to the enthalpy of phase transition. 
The pioneer work on this field was made by Gulliet et al. [54], who as first observed 
endotherms of aqueous solutions of PNIPAM upon heating, with different polymer 
concentrations. The transition heats varied upon polymer concentration, however, it was 
assigned to the fact that higher energy is necessary to break hydrogen bonds if solution 
concentration increases.  
More sophisticated data were given by Schild et al. [40]. They reported that the transition heat 
of the phase transition was independent on heating rate if it was not higher then 0,5°C/min. 
Additionally, they concluded that fundamental parameters for endotherms like: position, 
height and width of the peak appeared not to be dependent on concentration for range up to    
4 g/L. However, with increase of concentration, significant differences in Tmax, Tonset, the 
shape and height of the endotherms were observed, where enthalpy seemed to be constant, 
with characteristic value for hydrogen bonds (6,3 kJ/mol). The similar results have been also 
reported by other research groups [40, 54-55]. Taking into account the described facts, in this 
dissertation, DSC measurements were also performed in concentration range smaller than      
4 g/L. 
• 1H NMR  
Because of differences of spin mobility and relaxation time in solid and liquid states, the 1H 
NMR spectroscopy also gives the possibility to monitor transition behaviour. With 1H NMR 
methods, dynamic information about local segmental ability can be investigated, which exact 
corresponds to the polymer structure. Since only signals from chains soluble in the solvent are 
detected at evaluated temperatures, not soluble, aggregated chains become undetectable. 
Thus, aggregation may also be investigated by this technique.  
When PNIPAM water solution was investigated by 1H NMR upon heating, the intensity of the 
signals suddenly decreased in magnitude, when the temperature reached Tc [48]. Above this 
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temperature no signals deriving from soluble polymer was observed, indicating the phase 
separation. It must be also stated that shape of PNIPAM peaks was unchanged upon heating 
up to phase separation temperature. Additionally, phase transition was found to be sharp for 
the copolymer as for the homopolymer at concentration below overlapping concentration (c < 
c*), whereas increase in concentration (above c*) resulted in broader transitions. 
Tanaka et al.[49] compared spectra of single chains with corresponding hydrogels, concluded 
that peak position deriving from PNIPAM chains was not influenced by crosslinking. 
However, the broadening of the gel peaks in comparison to linear analogues was noticed. This 
phenomenon was assigned to differences in mobility, which it is greater in case of single 
chains.  
• Light scattering measurements  
Probably the most versatile method used to get information on the size, shape or interactions 
of the particles are techniques based on light scattering measurements. In the past 20 years, 
phase separation of polymers has been intensively studied by both static (SLS) and dynamic 
light scattering (DLS) techniques. There are numbers of works describing these phenomena 
[44,54, 56-59]. However, in order to investigate a single chain to globule transition narrowly 
distributed polymers (Mw/Mn < 1,1) with high molar mass are desirable. The measurements 
should be performed under high dilution of polymer solution. It is logic to expect that by 
reducing concentration, intermolecular interaction between neighbouring polymers are 
suppressed, thus intrachain aggregation is negligible.  
One of the first studies of PNIPAM aggregation was reported by Gulliet et al. [54]. He claimed 
that in static light scattering (SLS) measurements of PNIPAM chains upon heating from 25°C 
to 35°C apparent molecular weight increased 4,5 times. They were first to suggest that some 
aggregation phenomena occurred.  
Kubota et al. attempted to measure the behaviour of one single PNIPAM chains upon heating 
by dynamic light scattering (DLS). They used relatively narrow distributed PNIPAM sample 
(Mw/Mn ∼1.3) [44]. Their results also confirmed the existence of Tc of about 34°C. However, 
the transition of PNIPAM showed two steps. Initially, at 34°C, PNIPAM chains showed 
limited chain collapse, assigning to first stage of transition (i.e. an intramolecular process). 
Upon further heating, at 39°C the macroscopic phase separation occurred. The intramolecular 
interactions between the nearest neighbours on the same molecule were followed by 
association with surrounding chains.  
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Meews et al. [56] investigated phase separation of stable, isolated PNIPAM macromolecules. 
The precipitation of particles above phase separation temperatures was prevented by addition 
of hydrophilic surfactant (SDS). However, the addition of SDS shifted Tc to higher values 
(∼35°C). They also suggested that re-dissolution of precipitated PNIPAM proceed in different 
way depending upon the SDS concentration.  
Fully collapsed, stable, single homopolymer globules obtained without addition of surfactant 
were obtained by Chi Wu group [57]. They reported that such transition involve four distinct 
states: the coil, the crumpled coil, the molten globule and as the final the stable globule 
(Figure 3.3.). However, they claimed that the collapse state exhibited much sharper transition 
in comparison to expected value. This behaviour was assigned to differences in contact 
distributions during aggregation, which is governed from one side by thermodynamics (the 
effective contact) and other side by Brownian fluctuations (contact frequency). Quantitive 
description of these differences was not given. Additionally they investigated a coil to globule 
transition and opposite globule to coil conformation changes upon heating-cooling cycles. 
The hysteresis was observed. This phenomenon was attributed to the formation of intrachain 
structures, presumable by intrachain hydrogen bonding in globular state. 
 
 
 
 
 
 
 
 
 
Figure 3.3. Schematic of four thermodynamically stable states and their corresponding chain 
density distributions [57]. 
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3.2.2.2. The influence of different compounds on LSCT of PNIPAM 
Since only few reactions are carried out in pure water, from the point of the possible 
application of thermosensitive polymers, the cosolute effect on their water behaviour is of 
major importance. For example, the majority of possible biotechnological application will 
involve at least the buffered aqueous solution, where most of these solutions contain more 
than one active agent. On the other hand, the presence of these cosolutes has strong influence 
on solubility and the LCST behaviour of polymers. Thus, investigations of this influence are 
motivated not only from theoretical point of view, but also from practical interest. Information 
what and how can modify phase separation temperature seems to be the key factor in 
designing advanced materials with variable phase separation behaviour. 
• The influence of water miscible solvents 
Most of pure alcohols are good solvents for PNIPAM, but on contrary to what might be 
expected, the addition of small amounts of alcohol to aqueous solution of polymer decreases 
Tc value. However, the further addition of that solvent promotes again an increase in solubility 
and phase separation temperature [60]. This effect was observed for linear PNIPAM [60-62] as 
well as for its gels [63-65]. 
In literature this phenomena was explained in terms of co-nonsolvency. To clearly understand 
this effect the structure of water should be taken into account [66]. Water can be understood as 
a network of hydrogen-bonded molecules. When small amounts of alcohol are added to water 
its molecules are immediately surrounded by water and something like surrounding shell is 
created. The shape of this hydration depends on kind of solutes and possibility of hydrogen 
bond formation (differences in polarity). Upon dissolution of PNIPAM in water number of 
polymer-water strong hydrogen-bonded contacts are formed. The LCST behaviour of this 
polymer in aqueous solution is strongly dependent on changes in the balance between 
hydrogen bonding and hydrophobic interactions between water molecules and amide groups 
in polymer backbone. Addition of alcohol to such system disturbs this balance as water starts 
to surround alcohol molecules as well. As the result the reduction of number and strength of 
PNIPAM-water contacts is observed, what leads to slight lowering of Tc [60]. However, further 
increase of alcohol amount promotes alcohol-polymer interactions increasing its solubility 
and Tc value.  
In case of low polarity solvents like ketones, where interaction with water are relatively poor, 
addition of small amounts of this solvent does not destroy water-polymer interactions 
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(molecules are “kept away” from polymer in this hydration shell [67]) and Tc value of polymer 
remains unchanged. However, when higher amount of such cosolvent is introduced the 
amount of solutes starts to be too high to be fully hydrated by free water particles. The 
residual free non-solvated solute molecules are now able to interact with polymer chains and 
increase its solubility. As the result the Tc increases.  
Not only dependence of alcohol concentration on Tc value was studied, but also dependence 
of alcohol structure [68]. In water-alcohol (C1-C4) mixtures, the decrease of Tc of polymer is 
more pronounced with an increasing length of alkyl chain of alcohol. The less hydrophilic 
molecule disturbs the system much more and requires a higher amount of water molecules to 
form the hydration shell. For example, for mole fraction of alcohol/water equal 0.5, in case of 
methanol the decrease of Tc of less than 4 °C was noticed, where the same amount of n-
propanol caused an decrease of Tc of 30 °C. Additionally, the comparison between different 
isomers of alcohols showed that linear analogues produce a larger decrease of Tc. It was 
explained by the fact that spherical solutes easier form cage structure, with lower disturbance 
in hydrogen bonds of water structure [69].  
On contrary to alcohols, DMF is the one of so-called “structure breaker”. This strong polar 
solvent is able to avoid its hydration by water molecules and favours hydration of PNIPAM. 
Such behaviour promotes the slight increase of Tc value [68].  
• The influence of surfactants  
The presence of surfactants changes drastically the solubility of PNIPAM in water, and in 
most cases shifts phase separation temperature to higher values.  
Because of the amphiphilic nature of a surfactant, its molecules are able to self-assemble in 
aqueous solutions at concentrations above critical micelle concentration (CMC) [18]. Due to 
the hydrophobicity of the hydrocarbon tail of surfactant, the aggregates are formed, where the 
hydrophobic tail forms the core and the hydrophilic ionic groups create the shell. These 
micelar-like aggregates are capable for cooperative interactions with polymer chain and in 
this manner, to enhance polymer solubility.  
Another interesting feature connected to the presence of the surfactant in the system is the 
association phenomena [70,71]. It was reported that association of ionic surfactants with 
hydrophilic polymers can also appear at concentration below its CMC, but above some certain 
concentration, which was called critical association concentration (CAC). The driving force of 
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this phenomenon is believed to be the shielding of the hydrophobic patches of micellar-like 
aggregates by adsorbed polymer units. 
The earliest report concerning interactions of PNIPAM with surfactant was reported by 
Elissaf et al. [16]. It was discovered that the presence of 1wt-% of sodium dodecyl sulphate 
(SDS) increased viscosity of the solution and even prevented phase separation of PNIPAM, if 
concentration of surfactant was too high. 
Extensive studies on the influence of SDS or other sodium n-alkyl sulphates on PNIPAM 
solutions have been carried out by Schild et al. [72]. The authors showed that the LCST of 
PNIPAM can be influenced, by the change of the alkyl chain length of added surfactant and 
by its concentration. Furthermore, they determined the CAC of SDS to be 230 mg/L which is 
10-fold lower than its CMC. Additionally, they reported that surfactants of chain lengths less 
then four carbon atoms depressed the LCST, but no clearly evidence on aggregation behaviour 
was found. For surfactants of intermediate chain length (5 < n < 10) the decrease of Tc in 
range lower than CAC was observed. However, at concentration exceeding CAC the increase 
in the Tc was noticed. For SDS, with twelve carbon atoms in the chain, the shift of the 
transition temperature value was observed at low concentrations even below CAC. The 
presence of this surfactant at higher concentrations prevented aggregation completely in the 
whole range of temperature.  
PNIPAM-surfactant interactions in collapsed state were also studied by Lee et al. [73]. 
Depending on the SDS/polymer ratio two different structures were observed. At low 
concentration of SDS, the authors observed properties typical to latex dispersion, where 
colloidal particles are stabilized by surfactant. On the contrary, at higher SDS concentrations, 
above the CMC value of the surfactant, its micelles are formed. They are adsorbed to single 
PNIPAM chains and can be envisioned as ”necklaces of pearls”. Formed complex polymer-
surfactant enhances intra- and interchain osmotic repulsion along chain. As the result 
additional swelling with respect to bare polymer appears. This pulls polymer to solution 
preventing precipitation and, regardless of temperature value, the polymer stays soluble. 
Interestingly, the distance between the micelles incorporated into PNIPAM chains is usually 
constant and equal approximately 6 nm. Also estimated osmotic repulsion between adsorbed 
aggregates, in comparison to complexation energy was lower [74], thus do not disturb in 
adsorption of SDS micelles. In other words the interaction energy between adsorbed 
aggregates at the polymer chain was negligible, therefore chain behaviour was only affected 
by the amount of added SDS. The described phenomenon is presented in Figure 3.4. 
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Figure 3.4. Schematic illustration of the semi-diluted polymer-micelles complexes [74]. 
• The influence of salts 
The influence of salts on stimuli sensitive polymer solution is widely known (for example 
salting out effect). Upon salt addition, dissociated salt ions are immediately surrounded by 
water, forming associated molecules, what is similar to the effect observed in case of alcohol-
water mixture with low alcohol content. Partial dehydratation of PNIPAM chain appears and 
polymer becomes more hydrophobic. This in effect leads to the lowering of its phase 
separation temperature. This phenomenon is more produced to so-called strong “salting out” 
agents. The strength of “salting out” of the given salt corresponds to its position in the 
classical Hofmeister series, which is the ranking of various ions toward their ability to 
precipitate a mixture of hen egg white proteins [16,75].  
The influence of salts on Tc of PNIPAM was investigated by Borisow et al. [76]. Two salts 
were chosen: sodium chloride (NaCl) and ammonium sulphate ((NH4)2SO4). It was observed 
that phase separation temperature is decreasing almost linearly with increasing salt 
concentration, where this effect was more pronounced when ammonium sulphate was added. 
For 1% (w/w) solution of PNIPAM the phase separation temperature was lowered by 8 °C as 
the result of addition of 0,5 mol/L sodium chloride, where only 0,2 mol/L of ammonium 
sulphate gave the same result. The differences were attributed to the stronger association of 
bigger ions, derived from ammonium sulphate by water. As the result, if the same amounts of 
these two salts were present in water, the phase separation temperature was more decreased in 
case of addition of ammonium sulphate. 
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3.2.3. pH sensitive polymers 
Besides temperature sensitive polymers, increasing attention is also being attached to pH 
responsive polymers. These polymers contain weakly ionisable pendant groups, which can 
accept or release protons, depending upon external conditions. Thus, at certain pH value, they 
can dissociate in aqueous solutions into macroions and counterions [77], forming 
polyelectrolytes.  
Taking into account the pH at which polyelectrolytes are formed, they can be divided into two 
main classes: week poly(acid)s – dissociated in region of high pH values, and week 
poly(base)s - protonated at low pH, respectively. Some of polyelectrolyte examples are 
presented in Figure 3.5. 
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Figure 3.5. Representative pH-responsive polymers: (1) poly(acid)s: (1a) poly(acrylic acid) 
(1b) poly(methacrylic acid);  poly(base)s: (2) poly(N.N’-dialkyl aminoethyl methacrylate)s (3) 
poly(vinylpirydine)s. 
There are many examples of pH-responsive polymers however, the main focus was paid to 
poly(acid) based systems [77]. The number of publications concerning the investigation of 
copolymers containing cationic or cationizable sequences is considerably less than those of 
copolymers with anionic or non-ionic sequences. Among them, poly(acrylic acid) (PAAc)  
and poly(methacrylic acid) (PMAAc) polymers have been the most frequently investigated. 
However, also poly(base)s like poly(vinylpyridine)s, poly(N,N’-dialkyl aminoethyl 
methacrylate)s attracted scientific attention [78]. 
As the materials sensitive on the changes in environment, the pH-responsive polymers 
undergo the phase transition upon change of pH. Generally, they undergo an 
ionisation/deionisation transition at pH > 4, however the precise value depends on the 
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polymer properties. If the charge density of polyelectrolytes is high enough, they are in highly 
stretched conformation and stay soluble in water. However, upon change of pH, all these 
polymers undergo gradually reversible conformation transition from expanded to collapsed 
state, and most of them become water insoluble.  
The physical background of this rapid change in hydrodynamic volume is caused by the 
change in charges of surrounding ionic groups. This behaviour can be interpreted in two 
terms: (1) the electrical free energy change associated with removal of protons from the field 
of polyions; (2) in terms of the entropy change accompanying the chain uncoiling, which is 
caused by electrostatic repulsion among the ionic charges [77]. The apparent conformations are 
the result of the competition between gain in energy in the electrostatic interactions and the 
loss of entropy in the free energy equation. 
The changes in osmotic pressure, made by neutralizing the pendant groups by mobile 
counterions, cause phase transition, which is governed by the balance between electrostatic 
repulsion and hydrophobic interactions. For example, in case of poly(2-vinylpyridine), under 
acidic conditions, the nitrogen on the pyridine ring is protonated, giving rise to internal charge 
repulsion between neighbouring protonated pyridine rings. This leads to the expansion of the 
overall dimensions of the polymer backbone. As the pH of solution increases, the nitrogen 
groups become less ionised and the charge repulsion is gradually reduced. It gives rise to an 
increase of polymer-polymer interaction. When certain critical charge density is attained, 
conformational transition occurs. As the result, at low pH poly(2-vinylpiridine) polymers are 
protonated, and therefore become soluble in acidic aqueous solution, but at pH higher than 5 
the chains become deprotonated and insoluble [78]. 
The parameter used to characterize the polymers bearing chargeable groups is dissociation 
constant pKA. It is related to the critical value of pH*, where all ionisable groups become 
protonated or deprotonated in respect to poly(acid)s or poly(base)s. However, the phase 
transition not always occurs exactly at the pKA range. Sometimes incorporating of hydrophilic 
or hydrophobic moiety to the polymer chain may influence the pH*, only with slightly change 
in pKA.  
As an example the behaviour of poly(acid)s will be considered. In simple linear poly(acid) 
such as  acrylic or methacrylic, adjustment of pH to higher values appears in ionisation of 
carboxylic groups. By neutralization, charges are created, with stimonaously induced 
repulsion between neighbouring carboxylate forms. Thus, at high pH, conformation of 
3 Literature review 
23 
polymer backbone is expanded and polymer coil occupies a larger volume in solution [79]. 
Poly(acrylic) acid (PAAc) it is known to exhibit relatively continuous phase transition, where 
poly(methacrylic acid) shows abrupt transition [80,81]. Since methyl groups in poly(methacrylic 
acid) induce stronger hydrophobic interactions, more compact conformation in uncharged 
state has been reported. This effect was even more pronounced, when hydrophobically 
modified poly(acrylic acid)s were synthesised, as the result of copolymerisation of acrylic 
acid with n-alkyl acrylates [82]. The authors mentioned that with increasing amount of 
modified acrylates in polymer backbone the transition at pH* value was shifted to higher 
values, where apparent dissociation constant was only slightly affected. Similar effect was 
observed when length of alkyl pendant group was increased.  
Since high molecular weight poly(acrylic acid) exhibits also good biocompatibility, it can be 
used as a water soluble carrier that form physical network upon body contact. For example, 
Hoffman et al. investigated hydrophobically modified poly(acrylic acid)s. In order to prolong 
delivery of drugs, oligo(methyl methacrylate) was grafted on PAA backbone. The authors 
investigated loading and release of hydrophobic drugs from such prepared polymers [83].  
The other strategy of application of pH responsive poly(acid) included block 
copolymerisation with hydrophobic comonomer to form micellar structures in which 
hydrophobic core will be surrounded by the bioadhesive PAA shell. Micelles as carriers for 
hydrophobic drugs were investigated, where due to micellar structure slow and prolonged 
drug release was observed [84]. The morphology and possible applications of PAA-b-PS 
copolymers were also investigated [85]. 
pH sensitive polymers can be also chemically grafted or physically adsorbed on solid 
polymers supports. The surface film thickness, wettability or surface charge may be changed 
as a response to pH. Many studies were focused on this swichable properties where main 
interest was paid on investigation of selective adsorption, separation and reversible protein 
immobilization properties, over wide range of pH and acrylic acid content in copolymers [77]. 
All studies concluded that the final properties could be significantly altered by modification of 
the copolymer composition or changes in pH of the aqueous environment. 
The similar tendency was also observed in case of poly(base)s. N,N’-dimethylaminoethyl 
methacrylate (DMAEMA) was also copolymerised with different n-alkyl substituted 
methacrylates [86]. By introducing the hydrophobic moieties in the polymer backbone, the 
transition pH* was also perturbed. The higher the hydrophobicity of polymer chains, the more 
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pronounced shift of pH* to lower values was observed. pH* transition was also reported to be 
strongly sensitive on ionic strength, where even small addition of electrolytes strongly 
influenced on final value.   
The mentioned selective behaviour upon changes in environmental conditions gives the 
opportunity to obtain on-off intelligent systems by influence on solubility of molecular chains 
of polymers, deswelling-swelling behaviour of hydrogels, or hydrophobic-hydrophilic 
characteristics of surfaces. These polymers, that are water-soluble at certain pH, are 
interesting candidates also for stimuli-responsive devices, as their solubility can easily be 
tuned by changing the pH, or the electrolyte concentration [17]. Taking into account that many 
natural substances of biological importance are also polyelectrolytes, thus, this polymer 
system is believed to have potential importance for medicine, drug delivery, cosmetics, 
separations and others.   
3.2.3.1.  pH sensitive poly(4-vinylpiridine) based polymers 
The interesting representative of poly(base) is poly(4-vinylpyridine). Its structure is presented 
in Figure 3.6. The possibility to produce P4VP of controlled architecture, with predetermined 
molecular masses, and its ability to selective ionisation upon change of pH, classifies this 
polymer as valuable material for many applications. For example the possibility to synthesise 
core-shell film microgels with poly(4-vinylpyridine) crosslinked core and hairy shell, formed 
by quaternization of nitrogen atoms of poly(4-vinylpyridine) of diblock copolymers, shows 
this polymer to be interesting not only in preparation of aggregates of more complex 
architecture, but also as the material for microgel formation.  
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Figure 3.6. Poly(4-vinylpyridine) structure. 
It is also known from the literature that particle morphologies can be fine-tuned by several 
factors like: polymer length [87-88], length of each block in the copolymer [89], or the presence 
of additives and others [17]. Since macromolecular architecture has been recognized as the 
very important factor, affecting the final properties, mainly controlled polymerisation was 
24 
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applied in order to prepare P4VP polymers of narrow molecular weight distribution and 
desired molar mass, where well-defined block copolymers were synthesised by sequential 
monomer addition [90-95].  
In literature, the behaviour in water (or in other solvents) of diblock copolymers constituted of 
the hydrophobic block and hydrophilic weak cationic poly(vinylpyridine) electrolytes is well-
known. Gallot et al. [96], copolymerised vinylpyridines (2VP and 4VP) with styrene. 
Containing poly(2-, or 4-vinylpyridine) block copolymers were transformed into water-
soluble cationic species by simple protonation at low pH, or by quaternization of nitrogen 
atom of poly(4-vinylpyridine) block of PS-b-P4VP structure. The systematic studies were 
performed in water, methanol or mixtures of this both solvents. The typical behaviour of 
polyelectrolytes micelles was demonstrated. The P4VP block was insoluble in neutral 
aqueous solution, whereas the corresponding quaternized block copolymer (PS-b-P4VP) 
obtained with methyl iodide, was soluble in water under such conditions. 
The influence of molar ratio of blocks on the properties of obtained PS-b-P4VP micelles was 
investigated by Eisenberg et al. [97,98]. Aggregates were formed by dialysis of the copolymer 
DMF solutions against water. They have shown that for high PS content in the block ‘crew-
cut’ micelles may be obtained.  
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3.3. Microgels 
Among the great variety of gels, stimuli sensitive hydrogels attached recently big interest [1]. 
Such gels change its volume in response to a change in environmental conditions. In fact, they 
undergo deformation and change its state very drastically from swollen to collapsed state, 
what is presented in Figure 3.7. The stimuli responsive gels are also commonly called 
intelligent or smart [99].  
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Figure 3.7. Behaviour of smart hydrogels under stimuli. 
The pioneering work on stimuli sensitive microgels was done by Tanaka [9,100]. The 
fundamentals of Tanaka’s theory were based on the concept of diffusion coefficient of 
polymer network and medium (solvent), where the gel is regarded as a continuum. Basing on 
theoretical predictions [101], Tanaka investigated the influence of acetone concentration on the 
volume of acrylamide gels. He noticed that the hydrogel volume changed discontinuously 
upon acetone addition.  
The behaviour of neutral hydrogel can be explained by the Gibbs free energy function, 
including the solvent-polymer concentration interaction parameter [9]. If the gel has no ionic 
groups, classically, the free energy expression (equation 3.1) is given as the sum of two terms: 
∆FM resulting from mixing of the network with solvent and ∆Fel resulting from elasticity of 
network [102]. 
∆F = ∆FM + ∆Fel                                    (3.1.) 
The most important observation made during experiments was that, depending on the 
chemical compositions of microgels, liquids and experimental conditions volume change 
transition of gels can proceed continuously or discontinuously [9]. Generally, there are three 
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types of limiting critical behaviour (demixing behaviour) which are schematically shown in 
Figure 3.8.  
Theoretical basis for the character of hydrogel shrinking under stimuli were first given by 
Dušek et al. [103]. However, in order to fully understand this phenomenon two aspects which 
appear during crosslinking should be taken into account: (1) the molar mass of the network 
aim at infinity and (2) the system can not reach the state of infinite dilution because of the 
network formation.  
    o  
 o 
Figure 3.8. Phase diagrams of crosslinked system based on polymers with a) type I, b) type 
II, c) type II miscibility behaviour. Data taken from [103], o – critical point, (---) - spinodal curve, ( - ) 
- bimodal curve. o 
For gels of the system type I (Figure 3.8 a), during crosslinking mass goes to infinity and 
because of this, critical point would tend to go to zero value. This state can not be achieved 
due to the impossibility of infinite dilution of crosslinked network, though. The maximum 
degree of dilution of such gels is temperature dependent and can be determined by the degree 
of crosslinking. Therefore, such systems show a continuous transition from the high swollen 
to collapsed state.  
A linear polymer solution exhibiting second type of limiting critical behavior will, at infinite 
molar mass, separate in two liquid phases, one of the higher and the other of a lower 
concentration (Figure 3.8 b). The latter phase concentration approaches zero, when the 
temperature is raised. The latter case is impossible if the molar mass becomes infinite like in 
case in microgels, due to crosslinking and there must occur a swelling curve for the pure 
solvent/swollen network equilibrium. The swelling curve will interfere with the miscibility 
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gap and this interference causes three-phase equilibrium between a pure solvent and two 
swollen phases, one is highly swollen whereas the other is collapsed. A three-phase 
equilibrium is non variant in a binary system at fixed pressure, hence the discontinuity in the 
swelling behaviour. Type III systems (Figure 3.8 c) are already characterized by a 
discontinuity due to three-liquid-phase equilibrium. Network formation prevents the left-hand 
miscibility gap from terminating in the θ point at φ2=0 and forces the solvent-swollen network 
equilibrium curve to follow the usually swelling behaviour below the three phase temperature.  
It must be added that occurrence of discontinuous swelling behaviour is not only determined 
by the parameterχ, but also by crosslinking density. When the latter is too high (the averaged 
degree of polymerisation of polymer chain between two crosslinking points), there is no 
miscibility gap and the swelling curve shifts toward the polymer rich side of the diagram.   
Since the thermodynamic fundamentals of volume phase transition has been discovered, many 
hydrogels of synthetic and natural origin, have been studied and summarized in lots of 
reviews [104-106].  
3.3.1. Properties of microgels particles 
Because of crosslinks, hydrogels are insoluble in water. However, depending on the affinity 
of the network polymer chains to the solvent, microgels are in swollen or collapsed state. 
Additionally, depending on crosslinking density, hydrogel particles may swell considerably 
(low crosslinking density) or very slightly (high crosslinking density). As was mentioned, 
stimuli sensitive hydrogels undergo volume phase transition as the effect of stimuli and the 
state of hydrogel changes from swollen to collapsed. In direction of future applications, the 
time required for this volume change is one of the most important features of hydrogels.  
Based on the concept of diffusion of polymer network [9,100,107] (Tanaka and Fillmore theory), 
the relaxation time of swelling for gels can be described by the following equation (3.2.): 
D
R2=τ                             (3.2.) 
τ - relaxation time of swelling 
R - characteristic size of the gel 
D - diffusion coefficient 
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Since the swelling - deswelling behaviour under stimuli is governed by diffusion process, the 
rate of volume change of hydrogel is strongly dependent upon diffusion coefficient value. 
Since it is not easy to increase value of diffusion coefficient D, to values higher than 102 
µm²/s, and D is constant for a given polymer, decrease of gel size has been considered to be 
the only way to obtain materials with sufficient response times. As R value occurs in 
denominator of equation 3.2., it can easily be seen among the same gel class, the smaller the 
gel will be, the faster response on the applied stimuli should appear. Therefore, the response 
of big microgels lasts long. On the other hand, the slow dynamics of the swelling process in 
macroscopic gels can be overcome by the preparation of gel particles with diameters in the 
submillimetres range. Such microgels show several orders of magnitude smaller characteristic 
dimensions than that of the macrogels, resulting in response to external stimuli with 
considerably accelerated kinetics behaviour. For example, for microgel particles with r =100 
nm, the value of τ  is expected to be twenty five times faster than for a macrogel with size r = 
500 nm (when the same composition and shape of hydrogels are kept). 
Other important feature of microgels is the extent of swelling (so-called swelling ratioα), 
which can be expressed as volume changes as is presented in equation 3.3. 
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V, V0 – volume of gel at given temperature, volume in fully collapsed state 
d, d0 -  hydrodynamic diameter at given temperature and in fully collapsed state. 
The extent of swelling is usually determined from changes of particle dimension using light 
scattering techniques (DLS, SLS). When the collapsed microgel particle swells again, 
segments (for instance repeating unit of polymer) become accessible to the continuous solvent 
phase as the size of gel increases. If the radius of the collapsed particles is Rc and, that of the 
polymer segments is Rs, then the total number of segments per particle is (Rc /Rs)3 and the total 
on the surface is (Rc /Rs)2. Hence, the ratio of segments exposed to the continuous phase, in 
the swollen and collapsed state, varies as (Rc/Rs). For example, for the collapsed particle with 
Rc =150 nm and Rs =15 nm, the value of Rc /Rs is 10. Thus, particle swelling results in the 
substantial increase in the accessible segments in microgel particle. This result classifies 
microgels for applications, where functionalized monomer units residing within the particles 
as well as on the surface are desired e.g. pollution control and catalysis [1]. 
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The deformable nature of microgel particles has important implications for their rheological 
properties. Buscall et al. [108] reported that the rheological behaviour of microgel particles is 
equivalent to that of hard particles with a thin, soft shell. When compared, at the same 
concentration, to hard-sphere particles, swollen microgel particles greatly increase the 
dispersion viscosity [109], due to the much larger effective hydrodynamic diameter of the 
swollen particles. For this reason microgel particles were applied as rheological control 
additives. Additionally, since the volume of temperature sensitive microgels (for instance 
PNIPAM) is sensitive to temperature changes, rheological properties show expected 
temperature dependency, where viscosity and elastic properties decrease upon heating [110-111]. 
3.3.2. NIPAM based microgels 
Similarly as for linear PNIPAM, the physical-chemical properties of its microgels are related 
to fully reversible conformational changes that occur in response to environmental conditions. 
Upon increase of temperature the dehydration of the chain coupled with the entropic forces of 
chains, because shrinking of the gel and induces the volume phase transition [102]. The 
mentioned dehydration is induced by the destabilization of the clustered water molecules, 
surrounding the isopropyl group, when their chemical potentials value exceeds that of the 
bulk water.  
Similarly to un-crosslinked systems, the properties of PNIPAM microgels can be modified by 
introduction of hydrophobic or hydrophilic moieties in its molecular structure. Generally, the 
strength of hydrophobic interactions is proportional to the number of water molecules that 
take part in hydration, and increases with temperature. Therefore, a gel which has 
hydrophobic groups with larger contact area (posses higher strength of hydrophobic 
interactions), undergoes phase separation at lower temperature. The mentioned effect was 
compared among N-alkyl-substituted acrylamide gels [112]. N,N - propylacrylamide gels 
showed discontinuous transition at 25 °C, which was about 10 °C lower, than of PNIPAM 
gel. It is because the surface area of the n - propyl group is much bigger in comparison to n-
isopropyl groups of PNIPAM, what results in higher aggregation forces. 
PNIPAM temperature responsive microgels can be prepared by crosslinking according to two 
main synthesis methods. First one is based on direct gel formation by simultaneous 
copolymerisation of monomers and crosslinking agents. The other method consists of two 
steps. The first stage includes the synthesis of linear PNIPAM of desired properties (i.e. molar 
mass). As next crosslinks are introduced to the polymer chain by chemical reaction of the 
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available side groups with crosslinker or by irradiation of PNIPAM solutions by γ-beam, UV-
light or others high energy sources.  
Most common PNIPAM microgels are synthesized according to the first method [1, 5, 113-115]. 
The reaction can be carried out or in highly dilute solution without added surfactant 
(surfactant free emulsion polymerisation), or in presence of surfactant in the single-step 
emulsion polymerisation (conventional emulsion polymerisation).  
Usually free radical initiators are applied, which introduce charged groups into growing 
oligomers. As the consequence, the polymer chains become amphiphilic and order themselves 
into aggregates, at the same way as conventional surfactants, thus stabilising the growing 
particles. However, McPhee et al [11] concluded that surfactant free polymerisation of NIPAM 
led to large polydispersed microgels, when monomer concentration was higher than 0,5% 
w/v. They suggested that the maximum microgel concentration, achievable by surfactant free 
emulsion polymerisation depends, to some extent, on the monomer content in the gel. 
Conventional emulsion polymerisation, as PNIPAM microgels preparation method, is usually 
carried out in aqueous solution of the monomer, using redox initiator composed of ammonium 
or potassium persulfate (KPS - provides sulphate surface groups), in the presence of N, N`-
methylenebis(acrylamide) (BIS) as a crosslinker and sodium dodecyl sulfate (surfactant) at 
room temperature. The monomer is polymerised via free radical polymerisation mechanism, 
where polymerisation occurs in restricted volume, i.e. in small micelles of the emulsion. 
Pelton et al. has described this process in detail [1, 5, 11, 18, 116-117]. However, thermal behaviour 
of PNIPAM microgels obtained in this technique is significantly affected by the formulation 
recipe used for preparation.  
A special kind of emulsion polymerisation, based on the phase transition phenomena is 
precipitation polymerisation, which proceed at temperature higher than phase separation 
temperature of the polymer. The increased temperature allows not only decomposition of 
ionic initiators, in direction of free radicals generation, but also under these conditions 
growing polymer chains phase separate from the solution, when the so-called critical value of 
chain length is achieved. As the mentioned critical value of chain length is obtained this chain 
became something like nucleation precursor, and the nuclei undergoes limited aggregation 
(homogeneous nucleation). The separation period is very short (of orders of minutes), what 
ensures a narrow particle size distribution. 
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PNIPAM microgels beads can also be prepared with other techniques like e.g. inverse 
suspension polymerisation [118,119], where aqueous droplets of monomer are dispersed in oil 
phase or by radiation techniques [120,121].  
However, all the mentioned techniques have several drawbacks which lead to, not only 
structure defects [27], or non-uniform distribution of crosslinker [122], but also to changes of 
final microgels properties. Similarly as in case of un-crosslinked systems, surfactant binds to 
microgel chains and strongly influences their behaviour. Also the choice of initiator 
influences the final properties of gel [5,123]. For example, Pelton et al. [1,5] found that the 
maximal monomer content needed for stable monodisperse particles production depended 
upon the used initiator and its concentration (2,2´-azobis(2-aminidinopropane) or potassium 
persulphate).  
The synthesis of PNIPAM nanospheres without crosslinker was also reported [13,14]. The 
formation of microgels was attributed to so-called self-crosslinking of polymer chains by 
intrachain transfer reaction during and after polymerisation. Thus, NIPAM appeared to act as 
its own crosslinking monomer, however, the efficiency of crosslinking was clearly improved 
when crosslinking monomer was used. 
3.3.2.1. The influence of additives on Tc of PNIPAM microgels 
The phase transition of microgels is determined by various coexistent intra- and 
intermolecular forces, such as van der Waals and electrostatic forces, presence or lack of 
hydrogen bondings, or hydrophobic interactions [124]. These kinds of forces can strongly affect 
the microgels properties, and depending upon the environmental conditions, some of them 
have dominating influence on the behaviour of the microgels. Thus, the final microgel 
properties are strongly affected by any additives, which can influence the character of the 
prevailing forces in microgel structure. 
• Influence of surfactants 
Addition of any surfactant, for example SDS, into the reaction mixture in order to enhance 
colloidal stabilization of particles raise the phase separation temperature of the microgel 
[116,125], or even leads to the complete lack of temperature sensitivity of the product [16]. 
Generally, the higher the concentration of surfactant, the higher the phase separation 
temperature of microgel. The same observations were made for linear PNIPAM, what 
confirms that, if the same copolymer composition is kept, the physical state of the polymers in 
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solution and its molecular weight are no significant factors in determining of phase separation 
temperature values [12].  
The surfactant concentration influences also the size of formed particles [126]. As it was shown 
by Pelton et al. [11, 17,116] at low concentrations change of the SDS concentration from 0,002 to 
0,008 M decreased the size of the latice. On the other hand, in the region of higher SDS 
concentration, the averaged particle diameter was independent from the surfactant 
concentration, however no phase separation temperature was observed. The disappearance of 
Tc was assigned to the increasing concentration of charges of bound surfactant on the particle 
surface; what prevented collapse of microgel at high surfactant concentrations. In general, any 
kind of anionic surfactants bound to microgels influences the properties, whereas effect of 
cationic or neutral ones seems to be not pronounced compared to anionic ones [125].  
Thus, the hydrogels obtained in presence of SDS tend to swell more in water. Such influence 
on the properties of microgels limits potential applications of the latices prepared using these 
techniques. Thus, the elimination in direction of completely surfactant free system should be 
developed, what is the aim of this work. 
• Influence of electrolytes 
On contrary to surfactants, salts do not adsorb on polymer network, however, also affect the 
phase transition temperature of PNIPAM-based hydrogels. Upon salt addition the shift of Tc 
to lower values was noticed [117]. The level of phase separation value depends from the 
character of used salt. 
According to the Frank model [127], the interaction between electrolytes (ions) and water, 
considered in terms of structure-making and structure-breaking effects on the water 
organization, depends upon the kind of perturbation caused by these ions. The ionic solute can 
be considered as being surrounded by three centric regions of water molecules. The most 
inside region (inmost region A) is composed of the water molecules, immobilized through 
ionic-dipole interactions. In the middle region (region B), the more random organization, in 
comparison to organization of water, is observed [106]. The outer region (region C) can be 
considered as “normal” water consisting of associates with tetrahedral geometry. According 
to this theory, the small ions have large inmost region. They are called structures maker 
tending to enhance the hydrophobic interaction without destruction of water structure. On 
contrary, ions called structure breakers are large and are characterized by small region A and 
large region B. The described hydration effect has an influence on phase transition 
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temperature of PNIPAM gels because by addition of salts degree of hydration of hydrogel 
chains is diminished resulting in the shift of Tc to lower values. Described influence can be 
presented in the row: 
Structure breakers                                                        Structure makers 
SO42- < CO32-, F-< HCOO- < Cl -< Br -< NO3-< I- < SCN-
Saito et al. [128] investigated transition temperatures of PNIPAM hydrogels in the presence of 
different salts. They reported that the transition was strongly dependent upon the anionic 
species deriving from introduced salt, however, Tc was almost independent of cationic species 
(Na+, K+). They assigned such behaviour to the mentioned structure-making or structure-
breaking effects induced by addition of different salts. 
The influence of salts was also reported by Napper [129], who investigated the influence of 
sodium salts on aggregation of polystyrene particles coated with PNIPAM upon heating. The 
aggregation was strongly dependent on the type of added electrolytes, where sodium chloride 
induced the higher effect, than sodium bromide. However, no aggregation was observed with 
addition of sodium iodide.  
A useful tool to estimate electrolyte-water interactions is the viscosity coefficient Bη 
presented in equation 3.4. [130]. It provides information on the hydrated structure, where the 
larger Bη the stronger the hydration of electrolyte. Thus, stronger the influence on phase 
behaviour. 
ηr = η/η0 = 1 +Aηc0.5 + Bηc                                                    (3.4.) 
ηr- the relative viscosity 
c- molaritity of the electrolytes solution 
η,η0 – the viscosity of the solution and solvent, respectively 
Aη - constant depending on long-range columbic forces 
Bη- electrolyte-water interactions parameter 
Saito et al.  [105] plotted the relationship of the ions viscosity Bη versus change of transition 
temperature of PNIPAM gel for different potassium salts (c = 0,1 mol*L-1). It was clearly 
shown that the decrease of the transition temperature depends upon Bη value (Table 3.3.), 
where the higher viscosity coefficient value, the more pronounced shift of phase separation 
temperature to lower values. Similar results were also obtained by Napper et al. [131].  
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Table 3.3. Relationship between viscosity coefficient (Bη) of ions and change in transition 
temperature (∆T) of  PNIPAM gel by addition of potassium salts [105].  
Additive    Bη  [L*mol-1] (at 25°C)   ∆T*
I-                -0,069      -0,5 
NO3-    -0,046       0,3 
Br-    -0,042       0,9 
ClO3-    -0,024       1,1 
Cl-    -0,007       1,5 
BrO3-     0,006       1,8 
∆T*= Tc in pure water – Tc in salt solution     
• Influence of polar solvents 
Swelling equilibrium in PNIPAM hydrogels can also be affected by the addition of the polar 
solvent to the system [11, 67, 63-65, 132-133]. Saito et al. investigated the influence of different 
alcohols [132]. They concluded that the change of gel transmission temperature upon addition 
of alcohols corresponds to that observed for non-crosslinked polymer solutions. It was noticed 
not only the influence of alcohol concentration, but also of its chemical nature on phase 
separation temperature of PNIPAM hydrogel.  
Similar results were obtained by Mc Phee et al. [11], who investigated the influence of 
methanol on Tc of PNIPAM microgels. They reported that addition of this substance 
drastically raised the cloud point temperature of microgel.     
3.3.2.2. Microgels stability 
Microgels stability is one of the most important criteria determining the possibilities of their 
future applications. Generally, stability of latices is governed by three main forces: 
electrostatic, steric, and van der Waals attractive forces, responsible for aggregation of 
microgel particles. PNIPAM latice at the low temperature range (below Tc) is in its 
hydrophilic state, colloidally stable, where polymer chains are soluble in water. Under such 
conditions electrostatic and steric forces overcome influences of low van der Waals attractive 
forces.  However, upon heating above Tc, gels become hydrophobic, PNIPAM chains collapse 
and microgel become unstable. As the result the role of aggregation forces increase and 
tendency to aggregation occurs. The instability of the colloid, appearing during temperature 
rise, limits its potential application, when higher temperature is applied.  
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By surfactant free conventional emulsion polymerisation it is very difficult to obtain PNIPAM 
latices with low size distribution indexes stable in the whole range of temperature [134]. As the 
result, in order to obtain stable particles it is necessary to additionally stabilize microgels. The 
introduction of additives (surfactant, emulsifiers) increases the microgel stability, however as 
was mentioned, they strongly influence the properties of hydrogels. So that the development 
of PNIPAM microgels, where the stability derives from the gel structure seems to be a very 
important direction of research. 
3.3.3. Core-shell PNIPAM microgels 
Core-shell type microgel particles were reported by the number of groups [135-140]. Such 
microspheres are prepared mainly by two stage polymerisation procedure (seed and feed) [135]. 
In the first stage, seed microparticles are prepared via conventional free radical 
polymerisation. Further, as conversion of the first monomer reaches 70-90 %, fresh feed of 
second monomer with initiator and crosslinker is added, and polymerised onto the seed 
hydrogels. The described procedure results in core-shell type microgels.  
Well studied class of core-shell latices are the one composed of polystyrene core and cross-
linked PNIPAM shell [136,137]. The studies conducted by Hirose et al. [141] and confirmed later 
by Wu[142]  indicated that the volume transition proceeded in continuous fashion for these sub-
micron-sized gels particles.  
Also thermosensitive PNIPAM-PS core-shell latices, containing small amounts of charged 
units in PNIPAM shell were synthesised [143]. The hydrodynamic radius of such microgel 
particles was decreasing in continuous manner upon heating, what was in contrary to 
macrogels of the same chemical composition, which underwent discontinuous volume 
transition.  
The effect of degree of ionisation on swelling of multi responsive microgels was also 
observed by Snowden et al., who studied PNIPAM-co-(4-vinylpyridine) [144] and PNIPAM-
co-(acrylic acid) [145] colloidal microgels. He observed that the increase of the amount of 
electrolyte generally resulted in the decrease in hydrodynamic diameter of microgels. As was 
expected, incorporation of small amount of hydrophilic units of poly(acrylic acid) (PAA) (2 
mol-%) increased the degree of swelling strongly, where the effect was greater at high pH 
value as the acrylic acid became more deprotonated. 
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3.3.3.1. Core-shell PNIPAM microgels obtained as the result of self assemble 
processes 
Recently, preparation of microgel particles using supramolecular aggregation of polymer 
chains, such as the self-assembling of two different hydrophobically modified polymers [146], 
or polyelectrolyte complexes between ionically modified polymers was also reported [147]. In 
the latter one, modified with anionic and cationic groups PNIPAM gels were reported, as 
temperature responsive polyelectrolyte complex particles [137]. The swelling/deswelling 
process of the polyelectrolyte complex was completely reversible, where particles were highly 
swollen at room temperature and collapsed in temperatures up to 50°C. Despite that this 
approach seemed to be very promising, there are still few disadvantages associated with the 
inhomogeneity of the microgel structure during core formation or in crosslinking densities.  
It is commonly known that structure stability can be generally improved not only by the 
presence of surfactant or ionic groups, but also by introduction of hydrophilic polymer chains 
into microgels structure. When the structure contains hydrophilic part, the obtained aggregates 
should be stable in water above volume separation conditions without addition of surfactant. 
As the result the increase of the stability of microgels can be also obtained by the preparation 
of well-defined particles with core-shell morphology, where the crosslinked core is stabilized 
by a hydrophilic corona. The hydrophilic free chains surrounding the crosslinked core are 
acting as steric stabilizers, and the particle are stable in the whole temperature range [1]. Such 
novel approach in some cases let also to control composition and structure of microgels.  
New spherical particles having core-shell morphology have been prepared by self-assembly of 
amphiphilic block copolymers followed by intramolecular crosslinking. Particles synthesised 
in this manner are usually composed of crosslinked core surrounded by covalently bound 
hydrophilic shell [148-151]. However, opposite particles, where shell was crosslinked, were also 
obtained [152-153]. The main feature of particles obtained by crosslinking of formed micelles or 
aggregates is their small size (range of nanometers) and narrow polydispersity index. 
Nevertheless, in order to avoid extensive intermicellar crosslinking, the reaction must be 
carried out at high dilution (typically 0.1-0.5% w/v), what seems to be the major limitation of 
this synthetic route. 
Another method of core-shell microgels formation has been developed by Vo et al. [154,155]. 
Based on the coil-globule-transition phenomenon, stimuli photocrosslinkable block 
copolymers (containing incorporated chromophore) have been heated above phase separation 
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temperature and crosslinked upon exposure to UV light. By random distribution of 
chromophore in polymer backbone, spatial inhomogeneities caused by differences in 
crosslinking density were minimized. The versatility of this method was demonstrated by the 
fact that using different amount of chromophore in the feed, or varying the extent of 
crosslinking conditions (time, temperature), microgels with different dimensions or swelling 
properties were obtained. Despite of simplicity of this method, the removal of SDS was 
problematic since SDS adsorbed to polymers backbone affects swelling properties of final 
microgels. 
It was observed that block copolymers of poly(ethylene oxide) and PNIPAM PEO-b-
PNIPAM are well soluble below Tc, but above phase separation temperature intermolecular 
aggregation occurs. Collapsed PNIPAM dense core and hydrophilic outer shell are formed, 
where the shell prevents progressive aggregation of particles, keeping aggregated polymers in 
solution [156]. On the basis of this works, stable, surfactant free PNIPAM core-shell particles 
containing hydrophilic poly(ethylene oxide) shell were obtained. Two methods were applied: 
coupling of PEO polymer with existing core particle and more commonly, simultaneous 
copolymerisation of monomer with PEO macromonomers [157-158]. It was observed that upon 
heating-and-cooling cycles the swelling/deswelling behaviour was completely reversible (no 
hysteresis was observed), indicating full reversibility of the system. No precipitation of gel 
upon heating was observed, confirming effective stabilization of the structure by PEO chains.  
Wu et al. [157-158] investigated the influence of temperature on behaviour of PEO stabilized 
core-shell particles. He reported that upon heating, expected core collapse was observed. At 
lower temperature, at the initial stage of shrinking steric repulsion-driven stretching of PEO 
chains occurred. However, upon further increase of temperature (higher than 33°C) 
unexpected collapse of PEO stretched chains occurred. More detailed data were not given. 
3.3.4. pH sensitive microgels 
Special class of stimuli sensitive microgels, composed of environmentally responsive 
polymers, are pH responsive particles. In case of such microgels particles containing ionic co-
monomers, both volume phase transition temperature and swelling behaviour are pH-
depended [159]. There are many examples of pH responsive microgels, where as the ionic 
monomers are incorporated either acrylic or methacrylic acids. Microgels particles containing 
this monomers swell at high pH values and deswell at low pH, respectively. 
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Saunders et al. reported pH induced swelling/deswelling behaviour of poly(methacrylic acid) 
latices [160]. Upon increase of pH, the swelling extent was increasing, as the acid groups inside 
microgel particle were ionised. Such behaviour was observed until all acidic groups were 
ionised.  
The influence of addition of free polymer to the microgels particle was reported by Kiffer et 
al. [161]. As the model system, deswelling of poly(acrylate) microgels in presence of sodium 
salts of poly(acrylic acid) has been investigated. It was reported that addition of free 
polyelectrolyte caused in particles deswelling. They claimed that induced deswelling of the 
particles was due to change in the osmotic pressure of the mobile ions associated with the 
polymer chains. It was also believed, that low molecular weight PAA chains penetrated as 
well the interior of microgels particles, what additionally influenced the swelling behaviour. 
The use of pH-sensitive microgels based on only pH sensitive polymer in investigations and 
further in applications is limited as the relatively narrow range of physical and chemical 
properties can be change in these systems. To overcome these limitations, functionalisation of 
microgels was performed. 
The nanospheres of poly(methacrylic acid) grafted with polyethylene oxide were prepared by 
copolymerisation of the monomer with PEO macromonomers [162]. Such structures combined 
the switchable swelling/deswelling behaviour of pH responsible poly(methacrylic acid) and 
biocompatibility of PEO chains. Since carboxylic groups are uncharged in the acidic 
environment, microgel is in collapsed state and for instance protection of the loaded drug is 
achieved. When pH is switched to higher values microgels swell, which result in release of 
targeted drug.  
Not only polyacid based particles were obtained to show pH responsive behaviour for targeted 
substance release. Week polybase based microgels have been also investigated in that 
direction. On contrary to polyacids, polybases are uncharged and deswollen at high or neutral 
pH values, but they swell at low pH. An example is the cationic polysacharides chitosan, 
which was used in drug delivery systems. Chitosan was crosslinked in citrate solution and 
loaded with protein. The release of protein was simulated at gastric pH environment (low, 
acidic pH), where gel swelled [163]. The larger swelling kinetics and faster drag release was 
reported, when the films were prepared in lower concentration and higher pH citrate solutions.   
The synthesis of copolymers responsible not only on change of pH, but also additionally on 
stimuli like temperature or light (photosensitive comonomers) was also described. The 
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incorporation of other comonomers to pH responsive polymers provide multivariable control 
over the swelling/deswelling properties of particles. The typical examples are described 
already PNIPAM-poly(acrylic acids) based microgels, where the volume at which particles 
change conformation can be greatly influenced not only by temperature, but also by the pH. 
The particles deswell as temperature increases over 32 °C, or pH is lower then 8 [145]. 
Cationic poly(4VP-co-NIPAM) microgels, with varying poly(base) content were also reported 
[144]. The obtained microgels were pH, ionic strength, and temperature sensitive, where the 
absolute swelling behaviour of these gels was mostly affected by the content of 4-
vinylpyridine. However, random distribution of ionisable groups influenced the local charge 
density, what changed the phase transition of PNIPAM. Both the onset and the width of the 
volume phase transition were changed [1].  
To diminish this effect, recently, Kuckling et al. [155] reported the synthesis of microgels that 
comprised both thermoresponsive and pH responsive properties using block copolymers. The 
thermoresponsive core of particles were consisted of crosslinked PNIPAM and were 
surrounded by pH-sensitive shells of poly(2-vinylpyridne). Volume phase transition was 
observed by increasing either the temperature above 32 °C, or pH above 5. On contrary to 
random copolymers, by utilizing of block copolymers, sensitiveness of the different 
components was almost unaffected by the incorporation of other comonomer.  
3.3.5. Microgels applications 
There exists a variety of industrial fields were the unique properties of microgel particles can 
be used. These unusual model colloid particles are versatile systems and are expected to play 
an important role in medicine, pharmaceutical industries, in pollution control or the surface 
coatings. Some of the applications have already been achieved, whereas many more still waits 
for realization.  
From biomedical point of view the microgel particles can be understood as containers with a 
selective cavity, in terms of molecular size of the substrate, due to the finite size of the pores. 
Moreover, they can be understood as matrix bearing proteic materials, such as antigen, 
antibody, enzyme, etc. what can be used in diagnosis. Since the degrees of crosslinking can be 
varied, microgels may be useful as molecular separators. Depending from the pore size 
different molecules like solvents, ions or low molecular mass contaminations can be absorbed 
in the network and thus removed from the solution with the microgel particles (the size 
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exclusion effect). The size of pores can be also modified by varying environmental 
parameters such as pH and temperature.  
The temperature-controlled selective adsorption and desorption behaviour of microgels may 
be useful in development of new separation techniques. The encapsulated stimuli sensitive 
material can act as on/off “micro-reservoir”, whose molecular permeability can be controlled 
by cycling through the phase separation of the sensitive component. Transport through 
materials with phase separation behaviour results in the selective permeability caused by 
opening-closing behaviour of the porous network (different collectors or selective separators). 
This phenomenon was used for selective transport of molecular species with different 
molecular size [166].  
Compared to macrogels, microgels have larger surface to volume ratio and, consequently, 
increased accessibility of the network to the substrates (i.e. enzymes), improving efficiency of 
enzyme catalysed reactions. Seitz and Pauly [167] found that enzymes immobilised in the 
microgel structure, were more active in comparison to conventionally used porous supports of 
enzymes. As the result, higher loading of active side cavities was achieved with improved 
properties.  
Another beneficial feature of microgel particles is their rapid swelling-deswelling behaviour 
in comparison to macrogels. Stimuli sensitive microgels response to trigger quickly and 
sharply with almost perfect reversibility. 
Stimuli-responsive microgels have been applied as controlled drug delivery systems, 
separators, matrixes for enzyme immobilization or the catalyst carriers [20-25]. In addition, the 
dispersions of microgel were used in environmentally sensitive display devices like 
microvalves [164] and microlenses [165]. 
Yasui et al. [168] investigated upon heating the activity of trypsin covalently bound to 
PNIPAM. Terminal trypsin ended PNIPAM microgels had higher transition temperature 
(∼38°C) compared to the enzyme free microgels (∼30°C). It was found that at low 
temperatures under Tc, trypsin was inactive, where above phase separation the activity of the 
enzyme was detected.  
Kawaguchi et al. [134] as first observed the influence of swelling/deswelling behaviour of 
microgel on proteins release. They investigated interactions of human protein (γ-globulin) 
with synthesised, negatively charged PNIPAM microgels upon change of temperature. The 
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amount of adsorbed protein was found to increase with increase of the hydrophobic character 
of the particles. Below phase separation temperature, the microgel was in swollen state and its 
surface was sufficiently hydrophilic to suppress the adsorption of proteins. However, above 
the phase separation temperature the microgel shrunk and the surface became hydrophobic 
and susceptible to adsorption of large amounts of proteins.  
The desorption of protein induced by lowering of the temperature was also measured by 
Pichot et al. [169]. Results confirmed the previous observations, where the adsorption 
behaviour of protein was mainly governed by hydrophobic interactions above phase 
separation temperature with PNIPAM latices. Additionally, they investigated incubation time 
and salinity of microgels. They indicated that electrostatic interactions also play a role if 
charged group are incorporated into microgel network, where adsorption-desorption is not 
limited to the kind of protein.  
The system consisting of a temperature-sensitive microgel has been proposed as the novel 
method for the removal of ionic contaminants, particularly heavy metals, from waste water. 
The nature of the charges on the microgel particles was shown to have considerable influence 
on the affinity of different ionic species. Thermosensitive microgels of poly(NIPAM), having 
either cationic or anionic surface charge groups, have been shown to absorb significant 
amounts of ions from aqueous solutions at room temperature [170]. At 50°C reversible 
shrinkage of the microgel results in release of water and ions from the network.  
The uptake and release of large molecules by PNIPAM microgels has also been demonstrated, 
using fluorescein-labelled dextrans samples [171]. Snowden and Booty [172] have reported the 
uptake and release of nitrate, aluminium and citrate ions, and acetyl salicylic acid, where 
almost all adsorbed materials were removable at higher temperatures. 
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3.4. Anionic living polymerisation 
The polymers with well-defined compositions, architectures and functionality can provide 
unprecedented properties and functions in polymeric materials. As the result the precise 
structure control in polymer molecules has been the principal subject of synthetic polymer 
chemistry. Since the requirements of the industry related to the quality of polymeric materials 
become more demanding, tailor-made macromolecules with precisely planed dimensions 
(molar mass, topology), low polydispersities, microstructures (sequences, tacticities) and 
functionalities have brought marked growth of the interest. To achieve this goal, living 
polymerisation techniques like anionic and cationic or controlled radical polymerisation like 
ATRP can be employed.  
The term “living polymer” was first introduced by Szwarc et al. [173] in order to describe 
anionic polymerisation of vinyl monomers. According to him, all active centres created form 
initiator remain active, the chains grow until all monomer is consumed, and resume their 
linear grown, whenever fresh portion of monomer is added to the system. In other words, 
there is no inherent termination or chain transfer reactions during grow of chains, or even 
after the consumption of the whole amount of the monomer (macroanion remains active). The 
presence of active sites on living polymers permits then the manipulation of the structure of 
the polymer for instance by the subsequent addition of different monomers in direction of 
copolymers preparation, or by the controlled termination of active sites to create desired 
functional groups at the end of polymers backbone. 
However, the lack of side reactions is not the only sufficient condition in order to control 
molecular masses and low molecular mass distributions during anionic polymerisation. 
Crucial factor is also fast initiation. Only when the initiation step of polymerisation and 
exchange between various active centres is faster or at least on a comparable level, as the rate 
of propagation, all initiators initiate simultaneously chain growth and all chains start growing 
at the same time. 
3.4.1. Fundamentals 
Under conditions, where all molecules are allowed to grown for the same time without any 
side reactions at full conversion, the degree of polymerisation (DPn) of the product formed by 
this technique is given as the ratio of the total number of added monomer [M]0 to the total 
number of active centres. Taking into account the fact, that each molecule of initiator forms 
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one active center moiety the total number of active centers refers to initial concentration of 
initiator [I]0 and the DPn can be then described as presented in Equation 3.5. 
 [ ][ ]0
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I
MDPn =                                                          (3.5.) 
DPn – degree of polymerisation of the polymer 
[I]0 – concentration of initiator  
[M]0 – the initial amount of added monomer 
During the anionic polymerisation, the degree of polymerisation of polymer increases linearly 
with conversion, and in the desired moment of time can be calculated according to the 
equation 3.6.    
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[M]t – concentration of the monomer after t time  
Molecular mass distribution is the factor, which is commonly used for calculation of the 
homogeneity of polymer chains length in the sample. It refers to the Mw/Mn ratio which can be 
calculated according to equation 3.7. 
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Mw – number average molar mass 
Mn – weight average molar mass 
Under anionic polymerisation conditions, it is possible to obtain polymers with very narrow 
molar mass distribution, so narrow as to have the ratio less than 1.10, characterized by the 
Poisson distribution function. 
However, because of technical problems, creation of “ideal living polymer system”, where 
infinitely long polymers with infinitely high molecular weight are synthesized could be 
extremely difficult task, even impossible. The presence of impurities, which can be not fully 
removed from the reaction mixture and are introduced with monomer as well as with solvent 
leads to side reactions. In case of anionic living polymerisation active centres are mainly 
deactivated by reaction with electrophiles. Therefore, traces of water, oxygen, carbon dioxide 
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and other impurities cause the termination of the chain and must be rigorously excluded from 
the polymerisation system. This makes anionic polymerisation very demanding technique 
(ultra purity of reagents and solvents, high vacuum etc), somewhat limiting applicability of 
anionically initiated polymerisations. To conclude, in any applied conditions the presence of 
some termination species and some slow side reactions, which annihilate the growing ends are 
unavoidable [173]. However, if the rate of these side reactions in the system is sufficiently 
slow, there is the possibility to achieve the desired narrow distributed polymers, with 
relatively high molar mass.  
The term living anionic polymerisation is then used to describe polymerisation techniques 
enabling the formation of polymers with predetermined molecular weights and narrow 
molecular weight distribution (Mw/Mn), where side reactions can be neglected [174]. Usually, 
the system is then classified as living if three conditions are fulfilled. Firstly, as it was 
mentioned, the occurrence of the fast and full initiator decomposition rate (fast initiation), 
faster or on comparable level to propagation. Secondly, living polymers must resume their 
growth ability long enough to permit successful completion of the desired task (slow rates of 
termination reactions). Thirdly, since the active centre can exist in few distinguished forms 
with different activities, mutual exchange between each other must be fast, faster than 
propagation rates. If the lifetime of non-active species between active one is short, compared 
with the time of monomer addition, this phenomenon does not affect molecular weight 
distribution.     
3.4.2. Mechanism of anionic living polymerisation 
The general principles of the mechanism and kinetics of the ionic polymerisation were 
presented in several textbooks and reviews [175-178]. In typical anionic polymerisation, 
nucleophilic initiator reacts with monomer, where the product of addition (for example 
carboanion) possesses the characteristic negatively charged end-group, regenerated in each 
step of the propagation. Under these conditions, corresponding counterion, neutralizing the 
charges of anionically growing chains. The kinetics of such polymerisation can be described 
following equations presented in Figure 3.9. 
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Figure 3.9. Kinetics of living anionic polymerisation 
Since the oppositely charged ions attract to each other and strongly interact with molecules 
surrounding them, variety of species, co-exist in the polymerisation system what is presented 
schematically in Figure 3.10. The active centres obtained by solubilization of covalent pair 
can be divided in few salvation forms, like: “tight” contact pair, loose pair and as dissociated 
ions, which are in equilibrium to each other. Each polymeric active center exists in each 
accessible state for some time, and in that period, it contributes to propagation as required by 
its momentary character, while propagation rates on them have grossly different values. Each 
type of active end group propagates according to its kinetic constant of propagation. 
A B A   +  BAA   ,  B+
- + -B
+ -
covalent            tight                    loose                     free ions
pair                 pair                     pair                   
contact solvent separated
Figure 3.10. The active centers in anionic polymerisation [176].  
Generally, reactivity of propagating species decreases in the row: tight ≤ loose < free ions (the 
most reactive ones). The polymerisation is fast, when free ions are present as active centers, 
and much slower for loose ion pairs or tight pairs. However, the equilibrium between various 
types of growing ends is established very fast and given polymer active chain end changes its 
activity very frequently. Thus, in order to have the same conditions for all chains and to keep 
the control, exchange between all active centers must be fast or at least faster then 
propagation rate.  
The relative concentration of active centers, or better, the equilibrium constant for the 
interconversion to different forms and, through it, the overall polymerisation rate, mainly 
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depends on the nature of solvent, character of counterion and temperature. The active centers 
in media with low and intermediate polarity exist preferably either in dissociated form, or as 
ion pairs. For the more polar solvents loose pairs and free ions ought to be expected. Taking 
into account that information, in order to improve polymerisation rate, aprotic polar solvent 
should be used. The interesting class of solvents are also so-called “solvating agents”. They 
possess free electron pair capable to complex counterions with vacant outer orbitals i.e. crown 
ethers (cyclic structures with several ethereal oxygens) and cryptands (cage of similar size). 
They are able to encapsulate cations and greatly affect their behaviour.  
The reactivity of active end is also influenced by the character of counterion. Generally, the 
reactivity of polymer chain increases with increasing size of the alkali counterion, that is, 
from lithium (Li+) to cesium (Cs+). It is connected with the fact, that larger ions separate 
easier and form more active free ions centers. 
Also temperature influences the dissociation equilibrium of ions. The formation of less 
reactive forms can be suppressed by decreasing the temperature. Since the concentration of 
free ion active centers increases under these conditions, the decrease of temperature may 
promote free ion formation and higher propagation rates of the reaction may be expected. 
3.4.3.  Anionic polymerisation of oxiranes 
Among the variety of monomers, not all types can be polymerised by anionic polymerisation. 
For instance in case of olefins, to make it feasible to anionic polymerisation, monomers 
should possess substituents at the double bond that have strong electron withdrawing 
properties. However, monomers having sufficiently high negative enthalpy of polymerisation, 
where the source of this enthalpy is for instance the release of the strain in the ring are 
susceptible on such kind of polymerisation [179]. As the result, the heterocycles like epoxides, 
lactams or N-carboxyanhydrides were successfully polymerised by anionic techniques. As the 
example the polymerisation of oxiranes will be described. 
Extensive studies of the mechanism and kinetics of the anionic polymerisation of oxiranes 
have been summarized in several reviews [177, 180,181]. The most of the experimental studies 
was carried out with ethylene oxide. The earliest studies led to polymers with relatively low 
molecular weights. However, in those systems in order to improve initiator solubility small 
amounts of alcohols were introduced to the reaction mixture. The added alcohols were 
playing as chain-transfer agents decreasing the degree of polymerisation of poly(ethylene 
oxide). 
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The difficulties in initiator solubility were overcome by performing the polymerisations in 
aprotic solvents, strongly interacting with cations. Worsfold et al. [182] investigated the 
polymerisation of ethylene oxide, in absence of alcohols, using sodium and potassium salts of 
initiator. In potassium initiated systems direct dissociation into free ions, as well as, their 
capacity to form triple ions was observed, and the living character of the reaction was 
established.  
The polymerisations of ethylene oxide in DMSO, initiated with potassium or cesium salts 
were also described [183-185]. The Rodrigez et al. claimed that free alcoholate anions are the 
most reactive species contributing to the propagation reaction in that solvent [185].  
Kinetics of polymerisation of ethylene oxide in ethers (THF) was also reported [186]. However, 
the polymerisation in those systems was not effective because of the association of the 
growing polymer chains fallowed by extremely low dissociation constant of ions pairs. In the 
further works the association of polyalkoxides in THF was avoided by complexing the cation 
with suitable cryptands [187]. Under such conditions, where negligible association was 
observed, the polymerisation system showed the features of the anionic living polymerisation.  
3.4.3.1. Anionic polymerisation of glycidol (2,3-epoxypropan-1-ol) 
Glycidol, presented in Figure 3.11, can be considered as analogue of ethylene oxide, where 
one hydrogen atom was replaced with hydroxymethyl group. It is a highly reactive 
bifunctional monomer bearing both an epoxy ring and a hydroxyl group [188]. The 
simultaneous presence of two reactive groups strongly influences its polymerisation 
behaviour.  
CH2 CH
O
CH2
OH  
Figure 3.11. Glycidol structure. 
Sandler et al. [189] as first polymerised glycidol using different initiators (hydroxides: 
potassium, sodium, lithium or amines: pyridine, triethylamine). They concluded that, in 
comparison to propylene oxide, glycidol is more reactive. Since that time glycidol was 
polymerised in different ways, where both cationic [190,191] and anionic synthesis routs [192] 
were reported. Additionally, Frey et al. carried out anionic polymerisation of glycidol with 
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slow monomer addition, where the polyether-polyols obtained in this chain growth-like 
procedure possessed polydispersities Mw/Mn ≤ 1,5. However, polymerisation was not fully 
controlled and yielded in highly branched structures with low molecular weight [192]. 
The formation of hyperbranched oligomers during polymerisation of glycidol was explained 
in terms of composition and active center structure [193]. Upon base-initiated polymerisation 
the simultaneous presence of epoxy and hydroxyl groups in the structure causes transitions of 
the alkoxide active side from primary to secondary, as well as, intramolecular chain transfers. 
This dynamic exchange equilibrium between inactive hydroxyl and active alkoxide end 
groups is intrinsic for this process, thus leading to multiplication of active centers. As the 
result 1-3, 1-4 structures and branches are formed (see Figure 3.12.). 
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CH2 OH
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structure 1–3                              structure 1–4                                         branched 
Figure 3.12. Multiplication of active centers and possible structures upon polymerisation of 
glycidol.  
In order to obtain linear poly(glycidol) (only 1-3 units) the selective, reversible protection of 
hydroxyl group of the monomer is necessary. However, the choice of the protective group has 
to be made taking into account two things: (1) firstly protective group ought to be stable under 
polymerisation conditions (high reactivity of macroanion), (2) secondly ought to be 
removable selectively and completely under conditions, where cleavage or decomposition of 
the polymer structure is not observed.  
Pioneering work on the field of linear poly(glycidol) synthesis was done by Vanderberg et al., 
who obtained protected glycidol by etherification and sililation of hydroxyl group [193]. 
However, the polymerisation of such protected glycidol gave the products with not fully 
controlled structure.  
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The other kind of protected group was proposed by Spassky et al. [194]. The reaction between 
glycidol and ethoxy vinyl ether gave 1-ethoxy ethyl glycidyl ether [195], which, for simplicity, 
will be called glycidol acetal. The synthesis route is presented schematically in Figure 3.13. 
CH2 CH
O
CH2 OH CH2 CH O C2H5
CH3 S OH
O
O
CH2 CH
O
CH2 O CH CH3
O C2H5
+
Figure 3.13.  Synthesis of protected glycidol [195]. 
Such protected monomer was stable in basic media and no side reaction or intramolecular 
chain transfer was observed during polymerisation. The linear, narrow distributed 
poly(glycidol acetal)s, with controlled molar masses staying in good agreement with targeted 
one, were obtained. The obtained results indicated that well controlled polymerisation 
conditions were found.  
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3.5. Radical controlled polymerisation 
The requirements of demanding conditions with the highly sophisticated equipment necessary 
for anionic polymerisation (briefly mentioned in chapter 3.4.) may prevent these techniques 
from wider applications especially for industrial applications. In this respect, radical 
polymerisation is more advantageous over the anionic due to synthetic ease and compatibility 
with the wide variety of functional groups coupled with its tolerance impurities or to protic 
media. However, despite of simplicity and low costs, the significant drawback of this method 
is related to the lack of control over macromolecular structure. Therefore, combination 
between radical polymerisation and controlled techniques was always a very attractive 
challenge for both academic and industry studies. 
In order to control molar mass and end group functionality of obtained polymers, for the past 
few years numerous approaches have been developed, what resulted in development of so-
called controlled radical polymerisation (CRP) [196]. For better understanding of the 
mechanism of controlled radical polymerisation processes, some fundamentals from living 
systems, and from radical polymerisation should be taken into account. For living systems 
where initiation is fast and transfer and termination reaction rate is negligible all polymer 
chains grow in the same time, where exactly opposite effects are observed during radical 
polymerisations. Generally, due to slow initiation, fast propagation and termination reactions, 
polymers without any control of molar mass and high polydispersity indexes are synthesised. 
The active radical centre is very energetically rich species, with very short lifetimes. It causes 
that growing chains become inactive immediately after formation. In the simplest case 
presented in Figure 3.14, the radicals are introduced into the system in the initiation step and 
they grow through propagation until the termination of polymer chain occurs. 
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Figure 3.14. The simplified kinetic scheme of conventional radical polymerisation. 
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To simplify the analysis, in ideal case, the decomposition of initiator yields two moieties, 
which add to monomer molecules and initiate the chain growth in propagation reaction. Then 
propagation is terminated by the combination or disproportionation of two radicals. All this 
processes proceed simultaneously, as the initiation step is slow.  
As it can be seen from the relations presented in Figure 3.14 both the rate of propagation and 
rate of termination are related to the concentration of radicals [P•] in the polymerisation 
system. However, rate of propagation depends on [P•] in first order, whereas the rate of 
termination depends on concentration of active centres in the second order [P•]2. So, with 
decreasing the active centres concentration by 10 times, rate of propagation will be decreased 
by 10 times, however termination by (10)2 times.  
This suppression of termination, by keeping the concentration of active species sufficiently 
low throughout the polymerisation, is the base for control of radical polymerisations. The 
decrease of the growing radical species concentration is achieved by introduction to the 
system of the compound (transfer agent), which can attach to the growing polymer chain and 
reversibly deactivate radicals. As the result the equilibrium between dormant radical species 
and the growing radical species is obtained, what is schematically presented in Figure 3.15. 
However, in order to obtain inactive-active species equilibrium, effective in molar mass 
control, two important factors have to be fulfilled. Firstly, this equilibrium must be strongly 
shifted towards the dormant species, to ensure that the amount of active centres remains low. 
Secondly, the rate of exchange dormant to active species must be faster, than the rate of 
propagation in order to have equal probability of monomer addition. Fast deactivation of 
radicals also plays an important role as it ensures approximately the same conditions for 
growth of all chains. 
P X P Y..
kp
+ M
+
dormant                       active
Figure 3.15. The idea of controlled radical polymerisations (CRP).   
If these criteria are met then radical polymerisations behaves as controlled systems, where 
well-defined polymers of approximately uniform chain length can be obtained [197]. Of course, 
generated radicals can also recombine as in conventional radical polymerisation. However, 
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under these conditions, contribution of that reaction is low and is kept under few percentage 
ranges.   
The controlled radical polymerisation techniques can be divided into few subgroups including 
nitrooxide mediated polymerisation (NMRP)) [198-200], stable free radical polymerisation 
(SFRT) [201], reversible addition fragmentation chain transfer process (RAFT) [202]) and atom 
transfer radical polymerisation (ATRP). In general, all this techniques are quite similar, 
however in practise, there are some differences in the mechanism of the radicals deactivation, 
which affect the feasibility of them for specific applications. Among various CRP, one of the 
most promising and versatile methods is ATRP, where variety of polymers can be obtained in 
controlled fashion under mild conditions and low costs.   
3.5.1. Atom Transfer Radical Polymerisation (ATRP) 
Atom Transfer Racial Polymerisation (ATRP) is one of the metal-catalyzed radical 
polymerisations that provide both control over molar mass, polydispersity of the products and 
end group functionality. It was developed by Matyjaszewski [203] and Sawamoto [204]. The idea 
derives from metal-catalysed radical addition reaction of alkenes, known in organic chemistry 
as Kharasch or atom transfer radical addition (ATRA) [205,206]. Schematically ATRA is depicted 
in Figure 3.16. 
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Figure 3.16. Metal-Catalysed Atom Transfer Radical Addition (ATRA). 
The key factor in this process is the transition metal species, depicted in Figure 3.16. as 
MnXnLm complex, where Mn corresponds to transition metal, Xn to halides and Lm to ligand, 
respectively. In the first step of ATRA, the transition metal species undergoes reversible 
electron redox reaction via abstraction of the halogen atom X from the organic halide R–X. 
3 Literature review 
54 
This leads to the oxidation of metal species to form Men+1, and stimonaously, radical situated 
on carbon (R•) is formed. This radical (R•) attacks monomer (e.g. CH2 = CHR1R2 in Figure 
3.16) to form intermediate radical species (1). As next halogen atom reacts with olefin, 
followed by back transfer of halogen X to deactivate the radical. During this step the final 
product (2) is formed with parallel reduction of the transition metal. This step regenerates the 
oxidized metal species MnXnLm, which further may react with other R–X and promote new 
redox cycles.  
Thus, due to controlled formation of radical intermediates via metal catalysis, this process 
(activation-addition-deactivation) can be successfully applied in polymerisation processes. 
Analogously to ATRA in ATRP polymerisation systems, the carbon halogen adduct is 
successively activated by the metal complex, similar to MnXnLm species. The controlled 
radical polymerisation proceeds similarly via the metal assistance reaction, by a number of 
atom transfer radical additions, resulting in products with carbon-halogen functionalities at 
the end of the polymer backbone.  
Generally, atom transfer radical polymerisation, utilizing this concept proceeds according to 
scheme shown in Figure 3.17. The reaction of polymer chain growth is initiated analogically 
by radical species (R•), generated through abstraction of halogen from the appropriate organic 
halide (R–X). This abstraction (halogen transfer) is catalysed by the transition metal complex 
(MnXnLm) followed by simultaneous oxidation of metal by one electron (Mn+1Xn+1Lm) (step 1). 
Generated radicals can react or with metal complexes back to the R–X or with monomers, 
creating adduct active centres capable to propagation. However, this adduct active species are 
immediately deactivated via abstraction of halogen from a metal complex (Mn+1Xn+1Lm) to the 
dormant form. This deactivation is reversible and similar to R–X, repetitive activation by 
metal complex and taking place at the end of polymer chain with carbon-halogen bond. The 
equilibrium between active and dormant species is strongly shifted in direction of dormant 
species, significantly lowering the concentration of active centres, and thereby minimizing the 
contribution of termination reactions [197].  
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Figure 3.17. Mechanism of atom transfer radical polymerisation. 
3.5.1.1. Polymerisation system  
The ATRP process as discussed is always carried out in multicomponent systems, consisting 
of the monomer, the initiator with a transferable halide atom and the catalyst composed of 
transition metal with appropriate ligand.  
• Monomers 
A wide variety of monomers have been successfully polymerised via ATRP, among them 
styrenic monomers, methacrylates, acrylates, vinylpyridines, acrylamides and many others [95, 
196, 207-214]. Detailed information of ATRP conditions for the polymerisation of these monomers 
have been described in some recent reviews [196, 214-215]. 
• Solvents 
ATRP can be carried out either in bulk or in solution, however solvent is sometimes 
necessary, especially when the obtained polymer is insoluble in its monomer (e.g. 
polyacrylonitril), or in order to increase metal catalysts solubility. The great variety of non-
polar, polar, and even protic solvent was successfully used in ATRP reactions [95, 216]. The 
important requirement, limiting the application of some solvents, is the minimal value of 
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chain transfer reaction to solvent. Catalyst poisoning by the solvent or solvent induced side 
reaction should be also avoided [217] . 
• Initiators 
The chosen initiator must initiate the reaction fast and quantitatively, if not, the initiation will 
be incomplete, what may cause the increase of polydispersity indexes of final products. 
Additionally, halide group X should fast migrate between the growing chain and transition 
metal complex and vice versa. The initiator structure is also of importance. In case of 
secondary radicals, the structure of initiator should be similar to monomer structure [196]. On 
the other hand, this guideline is not valid for tertiary radicals. For example, isobutyrates are 
not good initiators for methyl metacrylate (MMA) [214].  
There have been many papers discussing the properties of halide initiators and their efficiency 
in atom transfer radical polymerisation [196, 214-215, 218-219]. In general, α-substituted alkyl 
halides with α-substituents such as aryl, carbonyl, alkyl groups, are the most commonly used 
initiators. As the reactivity of C–X bond increases in the order Cl < Br < I, oppositely to 
stability, chlorides as well as bromides initiators have been employed [215]. 
• Metals 
One of the most important components of ATRP system is the formed transition metal 
complex consisting of a transition metal and a suitable ligand. Since the catalyst influences 
the deactivation equilibrium and dynamics of halogen exchange, it must rapidly deactivate the 
propagating chain. Additionally, it should be highly selective for atom transfer without any 
side reactions. Thus, various transition metals like ruthenium, iron, nickel, rhenium and 
copper [196,214], have been applied in ATRP polymerisations. Among them, copper have been 
used most commonly in terms of versatility and low costs. Most described polymerisations 
were carried out in presence of copper bromide or chloride. Nevertheless, catalyst removal 
after polymerisation remains still a challenging problem [196]. 
• Ligands 
Since catalytic activity and selectivity of the formed catalyst complex are strongly dependent 
on ligand type, in order to have efficient transmission metal complexation, its selection is of 
great importance. Since the rate of polymerisation can be changed by the introduction of 
different ligand [196]. and the addition of ligand to the reaction mixture improve the solubility 
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of transition metals, increasing the stability of formed catalyst complexes, the choice of ligand 
is crucial for the control of radical polymerisation. 
Although there are still no consistent rules for designing catalyst systems, it is suggested that 
the catalytic activity is even more dependent on ligand selection than of metal type. 
Commonly employed ligands for copper mediated polymerisations are amine-based ligands. 
The ligands based on sulphur, oxygen or phosphorus, are not useful in this system as they 
showed inappropriate electronic and binding effects [196].  
Amine-based ligands are usually classified according to the numbers of coordination sides, 
where the most common are: bidentate (e.g. bipirydines, diamines), tridentate (e.g. 
Me6TREN) and multidentate amines (quadri- and hexadentate). Some examples ones are 
presented in Figure 3.18.  
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Figure 3.18. Example ligands for copper-based catalysts; L-1 2,2’-bipyridine (bpy); L-2 
substituted 2,2’-bipyridines i.e. 4,4’-di(5-nonyl)-2,2’-bipyridine (dNbpy), 4,4’-di-t-butyl-2,2’-
bipyridine (dTbpy); L-3 N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDTA); L-4 
tris[2-(dimethylamino)ethyl]amine (Me6TREN); L-5 1,4,8,11-tertramethyl-1,4,8,11-
tetraazacyclotertradecane (Me4Cyclam).          
According to [215] the activity of amine-based ligands in formation of catalysts complexes 
decreases with the number of coordinating sites (N4>N3>N2>>N1) and with the number of 
carbons between nitrogen atoms (C2>C3>>C4). However, properties of ligands are also 
influenced by its topology. The activity of bridged, or cyclic ligand forms is usually higher, 
then of their linear analogues. 
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• Reagents ratio 
Regarding to ATRP polymerisations as multicomponent systems, not only the kind of used 
reagents is important, but also the molar ratios between initiator/metal/ligand plays crucial 
role. Generally, the amount of the introduced initiator determines the molar mass of the 
polymer. On contrary to initiator, catalyst concentration do not influence molecular mass of 
the polymer, however, determines the position of the atom transfer equilibrium between 
active and dormant species, what influences the rate of polymerisation as well as the 
polydispersity of the polymers.  
Due to the number of factors strongly related to each other, ATRP system requires in each 
case optimisation of polymerisation conditions in order to obtain control over molar mass and 
polydispersity of final products. The detailed knowledge of the involved reagents i.e. 
monomers, solvents, catalysts etc. and their influence on equilibrium constant, correlation 
between each components is needed. Despite of these challenges, the control over molar mass 
and tolerance to many functionalities in ATRP polymerisation allows the synthesis of 
numerous materials with many topologies like: stars, combs, dendritic or even well defined 
networks. The facile incorporation of alkyl halides into the chain or side groups of polymers 
prepared by other mechanism, enabled synthesis of well defined segments by ATRP, 
multiplying synthetic possibilities.  
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4. Analytical methods 
A variety of analytical methods was applied in this work for characterisation of obtained 
products. Since the main focus was paid to the synthesis and characterisation of microgels 
only the methods used for their characterization were described in details in the following 
chapter. The special attention was paid to the light scattering techniques as they are the most 
convenient methods for determining of the size and geometry of the particles in solutions.     
4.1. Light scattering methods [37, 38] 
4.1.1. Static light scattering (SLS) 
Static light scattering (SLS) techniques have been recognized as one of the most important and 
versatile methods for determining the absolute weight average molecular weight (Mw). 
Additionally, SLS provides information about internal molecule structures. The measurements 
of the light intensity scattered by the polymer solution in different angles, provides 
quantitative information of molecule geometry and its size i.e. radius of gyration Rg. 
Moreover, the determination of light scattering data may also yield the second virial 
coefficient A2 which is useful to characterise solute-solvent interactions. Since samples are 
usually not monodisperse systems, the values of Mw, Rg or A2 are the averaged values from the 
data gathered at different angles of measurements. 
Generally, when the monochromatic light beam goes through polymer solution, contacts with 
the molecules and induce the dipole moment (as a results of electron oscillation of outer 
shell). This dipole moment becomes the source of the scatter intensity. In case of polymers 
which are big molecules with different chain geometry, many scattering centres may be 
distinguish in the molecule. Their scattering intensities are angular dependent and usually 
scattering intensities decreases with increase of observation angle θ. These differences entail 
phase shifts, which are characterised by measured scattering vector q, which is given as: 
⎟⎠
⎞⎜⎝
⎛=
2
sin4 0 θλ
πnq                                                                         (4.1.) 
q – scattering vector;  
λ - the wavelength of the light in vacuum; 
n0 – the refractive index of the solvent;  
θ - the scattering angle. 
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The most common method used for the evaluation of data obtained from light scattering 
measurements is the one proposed by Zimm [220-221]. By measuring the scattering intensity as 
the function of angle and concentration, so-called Zimm plots are obtained. Basing on Zimm 
method, light scattering intensities are integrated and data are evaluated according to 
equations 4.2 - 4.4. 
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c - polymer concentration; 
A2, A3 - the second and the third virial coefficient; 
Mw - the weight average molecular weight; 
Rθ - reduced intensity (Rayleight ratio); 
I(θ) - the scattering intensity at the scattering angle; 
I0 - the primary light intensities; 
r - detector distance;     
K - the optical constant factor; 
n0 - refractive index of the solvent; 
dn/dc - the refractive index increment; 
NA - Avogadro number. 
In the most cases, third virial coefficient is much smaller than second and thus it is usually 
neglected. As it can be seen from equations 4.1-4.4., the light scattering intensity during 
measurements strongly varies with the measurement angle and solution concentration. 
However, the diameter of particle and its polydispersity influences scattering results as well. 
In diluted solutions, for particles with diameter less than twentieth of the wave length (λ/20), 
the relationship 4.2. can be simplified and it is given as:  
cA
MR
cK
w
22
1 +=⋅
θ
                                                             (4.5.) 
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On the other hand, for particles larger than d > λ/20, scatter light may be weakened by 
interference between the different scattering elements in the particles. Thus, scattering 
function must be introduced to the give equation 4.5. Finally, taking into account 
polydispersity of the sample, the scattering intensity from the diluted polymer solution may be 
given by final equation 4.6.   
cAq
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cK Zg
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θ
                                   (4.6.) 
<Rg>z - the z-average radius of gyration   
Experimentally by extrapolating of data the size of the scattering particles <Rg>z, second 
virial coefficient A2 or the weigh-average molecular weight can be calculated. For example, 
when the value of Kc/Rθ is extrapolated to zero concentration, the size of the scattering 
particles is estimated. Additionally, Mw can be calculated from Kc/Rθ for zero concentration 
and q = 0. 
4.1.2. Dynamic light scattering (DLS) 
The dynamic light scattering is the standard method to describe the dynamic behaviour of the 
chain molecules. Laser light passing through the sample changes its wavelength due to 
Browian motions and the diffusion of the particles. Thus, diffusion coefficient or radius of the 
molecules can be calculated. The shifts of the wavelength frequency are strongly associated 
with the speed and directions of the particles movements. However, principles of the method 
are similar to SLS, where laser light passing through the sample hits the moving particles and 
induce vibration of the electrons forming oscillating dipoles. Nevertheless, in contrast to SLS, 
detected fluctuation is measured within time intervals as short as 100 ns which exactly 
corresponds to the Browian motions of the particle.  
The motions which give rise to light scattering fluctuations are of different origin depending 
on whether one component systems (melts, simple liquid or gas) or solution is considered. In 
one component system it is the density fluctuation while in solution concentration fluctuation 
contributes the light scattering fluctuations as well. Since fluctuation correlates with each 
other, the dynamics of the polymer solution (the diffusion coefficient) can be investigated by 
time-correlation function (g2(t)). Assuming It as a number of detected protons in time t’, the 
correlation function is built multiplying the number of photons from two successive time 
intervals. The calculations are repeated many times, averaged and stored.  
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g2 (t)=<It • Ii+t>                                                            (4.7.) 
t - the delay time 
It – the number of detected protons in time t’
In the simplest case, for small monodisperse particles, time correlation function can be 
measured from the time fluctuation and can be presented as an exponential function presented 
in equation 4.8. 
g1 (t) = exp -Γt                                                               (4.8.) 
Γ - the first decay time 
This measured intensity correlation function g1(t) is connected with g2(t) by electrical filed 
correlation function via the Siegert relation (equation 4.9.). 
  g2 (t) = A + B g12(t)                                                         (4.9.) 
where A is experimentally determined base line and B  ( 0 < B < 1) is an instrument constant, 
that depends on the number of coherence areas seen by the detector, indicating the deviation 
of experimental set-up from ideal case. 
g1(t) is related to the distribution of relaxation rates (G(Γ)) through the Laplace transformation 
as presented in equation 4.10. 
                                                      (4.10.) ( ) ( ) dtGtg tΓ−∞∫ Γ= exp
0
1
Few numerical methods have been developed for the analysis of the measured autocorrelation 
function. In this work CONTIN method was used. It is numerical method which starts from 
preliminary, so-called un-smoothed solution versus equally spaced logΓ. It proceeds until 
“chosen solution” is not estimated. Since it is a statistic method, during data analysis some 
difficulties in data interpretation may appear. Additionally, since very high signal-to-noise 
ratio is required to find “final solution” conditions, some artefacts may be generated. Thus 
baseline definitions, integration time and other effects have to be taken into account.        
If the intensity fluctuation of scattered light is due to the translation motion of the particles, 
the mutual diffusion coefficient D, can be calculated from the mean relaxation rate by the 
following equation 4.11, 
62 
4 Analytical methods 
2q
D Γ=                                                                    (4.11.) 
 where D corresponds to D0 by: 
( )( )ckqRkDD DED ++= 11 2,0                                                 (4.12.) 
D0 = lim Dc->0,q->0, is related to the equivalent hydrodynamic radii of the particles Rh through 
the Stokes-Einstein relation (equation 4.13.): 
hR
kTD πη30 =                                                         (4.13.) 
k - the Boltzmann constant;  
T – temperature;  
η - the viscosity of the medium.   
Thus, by measurements of translation diffusion coefficient in the system, hydrodynamic radii 
of the particles can be estimated.  By the comparison of  Rh with SLS data i.e. Rg,  ρ-parameter 
may be calculated from equation: 
h
g
R
R=ρ                                                           (4.14.) 
Rh - hydrodynamic radius  
Rg - radius of gyration 
ρ-value relates to polymer architecture in the solution and it was calculated for different 
architectures, for example for random polydispersed coil ρ = 1,73 or ρ = 0,77 for 
homogenous spheres. 
In practise, useful tool in data analysis in DLS is so-called cumulants (simple fit) analysis. For 
example, by reduced second cumulant µ2/Γ 2 analysis, the polydispersity of the particles may 
be estimated. For samples with Mz/Mw ≤ 1,25; µ2/Γ 2 is related to the polydispersity of the 
samples according to the following equation:  
4
1/
2
2 −≈Γ=
wz MMPDI µ                                              (4.15.) 
More detailed discussion on light scattering theory is also available in text books [222-223]. 
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4.2. Electron microscopy [224] 
4.2.1. Scanning Electron Microscopy (SEM) 
The scanning electron microscopy is one of the most versatile and widely used techniques for 
imaging and analysis of morphology on a microscopic scale. The main principle of SEM 
technique is based upon the virtual image obtained from the electrons emitted from the 
sample. 
 Generally, the sample is scanned by electron beam, 
electrons hit the specimen causing the generation of 
electrons from the sample (backscattered or 
secondary). These electrons are collected by detector 
systems, converted to the voltage, reinforced and 
analysed.  
(2) 
(1) 
In Figure 4.1. scanning electron microscope is 
presented. Tree main component may be 
distinguished: (1) microscope column with beam 
generator, with the condenser lenses; (2) Cathode-ray 
tube part (CRT) and (3) detectors system for detecting, 
converting and amplifying signals.  
  (3) 
Figure 4.1. Schematic representation of SEM apparatus.   
Since polymers are usually non-conductive materials in order to avoid formation of 
electrostatic charges on the surface, samples measured by SEM are usually covered by thin 
conductive layer of gold, silver or platinum. Additionally, for stable and reproducible results, 
deep vacuum conditions are applied. 
The SEM apparatus works as follows. A beam of the electrons is generated by the electron 
gun by heating a metallic filament. The electron beam is attracted by the anode, condensed by 
a condenser lens system, and focused as a very fine point on the sample by the objective lens. 
By varying the voltage, the scan coils are energized, producing a magnetic field. Magnetic 
field deflects the beam back and fourth to the sample in a controlled manner. Additionally, the 
varying voltage is also applied to the coils around the neck of the Cathode-ray tube (CRT) in 
this manner that produces pattern of light deflected back and forth on the surface of CRT. The 
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electron beam hits the sample, other electrons (backscattered or secondary) are ejected from 
specimen. These electrons are collected by detectors, converted to a voltage and amplified. 
The amplified voltage is applied to the CRT and causes that intensity of spot light changes. 
The obtained image consists of thousands of spots of varying intensity that corresponds to the 
topography of the sample.  
4.2.2.   Atomic Force Microscopy (AFM)  
Atomic force microscopy (AFM) is one of the scanning probe microscopy methods (SPM). 
Besides imaging it is also one of the foremost tools for the manipulation of matter at the nano-
scale. In contrast to previous techniques which applying beam of light or electrons physics, 
these techniques using a fine probe that scans over the surface.  
Generally, sharp tip is scanning the surface and forces between the samples and scanning 
probe are measured. Usually, the tip is brought close of the sample surface. The force between 
the tip and the surface leads to the deflection of the cantilever according to Hooke’s low. 
Typically, the deflection is measured using the spot reflected from the top of the cantilever 
into an array of photodiodes. In Figure 4.2. is shown schematically the AFM set up.  
 
 
 
 
 
 
Figure 4.2. Schematic view of the AFM set up  
Using such approach, there is not restriction concerning the wavelengths of light or electrons, 
where no or little sample preparation is essential. The resolution obtainable with this 
technique is very good and single polymer backbones or the true tree dimensions maps of the 
surfaces can be obtained. Additionally, measurements can be carried out in the air, vacuum or 
in liquid. 
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The key part of AFM set up is the cantilever. At the end of it is attached the tip, which is used 
to scanning of the sample surface. Depending on the type of the scanning process different 
measuring modes like “contact mode”, or “tapping mode” exists. In “contact mode” the tip 
and the sample remain in close contact during the scanning proceeds. As the result some 
lateral forces are generated at the surface influencing the quality of the images. Another 
feature of this technique is its large, linear operating range. 
Recently, the tapping mode” technique was developed and become more commonly used in 
AFM measurements. Upon operating, the cantilever, equipped with the tip, is oscillated at the 
frequency near its resonance. The tip positioned above the surface, touches the surface at the 
bottom of each oscillation for very small fraction of its oscillating period. When tip contacts 
the surface, oscillation amplitude is selected and keep constant by the feed back control loop 
of the system. As the oscillating cantilever begins to intermittently contact the surface, the 
changes in the vertical coordinate (z) of the sample are monitored and displayed as a surface 
topographic feature. Unlike to “contact mode”, when the tip contacts the surface it has 
sufficient oscillation to overcome the tip-sample adhesion forces. Also, the surface material is 
not pulled sideways by the shear forces since the applied force is vertical. Although there is 
still contact with the sample, the reduction of contact time allow drastically reduce the 
undesired lateral forces and the good quality images are obtained.  
The weakness of the “tapping mode” method is that the sample surface has to be quite 
smooth with no excessive variation in the surface height. Additionally, the slightly lower scan 
speed in comparison to “contact modes” was obtained, increasing the time of analysis.  
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5. Experimental Procedures 
5.1.  Reagents and solvents 
Glycidol (2,3-epoxypropanol-1), 96% (Aldrich) 
Ethyl vinyl ether, 99% (Fluka) 
p-toluene sulphuric acid, 98% (Merck) 
Potassium tert-butoxide (tBuOK), 99% (Fluka) 
2-chloropropionyl chloride (CPC), 97% (Aldrich) 
2-bromopropionyl bromide (BPB), 97% (Aldrich) 
Triethylamine (TEA), 98% (Fluka) 
Dimethylaminopyridine (DMAP), 99% (Fluka) 
4-vinylpyridine (4VP), 97%. (Acros, Aldrich ) 
N-isopropylacrylamide (NIPAM), 98%. (Acros) 
t-butyl acrylate (tBuA), 98% (Fluka) 
N-vinylpyrrolidone, 97% (Aldrich) 
N-vinylcaprolactam, 98% (Aldrich) 
Tris-(2-aminoethyl amine) (TREN), 96% (Aldrich) 
Copper bromide (CuBr), 99.995% (Aldrich) 
Copper (II) bromide (CuBr2), 99.995% (Aldrich) 
Copper chloride (CuCl), 99.995% (Aldrich) 
1,4,8,11-tetramethyl-1,2,8,11-tetraazacyclotetradecane 
(Me4Cylam), 98% 
(Acros) 
N,N,N’,N’’,N’’–pentamethyldiethylenetriamine (PMDTA), 99% (Acros) 
1-Phenylethylbromide (PEBr), 98% (Acros) 
1-Phenylethylchloride (PECl), 97% (Aldrich) 
Methyl (2-bromopropionate) (MBP), 98% (Aldrich) 
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Methyl (2-chloropropionate) (MCP), 97% (Lancaster) 
Diaminoethane, 98% (Fluka) 
Dimethyl maleic anhydride, 97% (Lancaster) 
Acryloyl chloride, 96% (Merck) 
Di-tert-butyl dicarbonate (Boc)2O, 97%, (Acros) 
Trifluoroacetic acid (CF3COOH), 99% (Aldrich) 
1,4-dibromobutane (DBB), 99% (Aldrich) 
Calcium hydride (CaH2), 95% (Aldrich) 
Sodium hydrocarbonate (NaHCO3), p.a. (J. T. Baker) 
Magnesium sulphate (MgSO4), p.a. (Merck) 
Sodium hydroxide (NaOH), p.a. (J. T. Baker) 
Sodium chloride (NaCl), p.a. (J. T. Baker) 
Formic acid, 85% 
(Roth GmbH) 
Hydrochloric acid (HCl) conc.  (Fischer)  
Formaldehyde, 37%  (Roth GmbH) 
5.2. Purification procedures 
Reagents: 
- Glycidol (2,3-epoxypropanol-1) was dried over molecular sieves (4Å) for few days and 
distilled over CaH2 under reduced pressure.  
- Ethyl vinyl ether was purified by distillation at atmospheric pressure under dry nitrogen 
atmosphere. 
- p-Toluene sulphuric acid was dried overnight under reduced pressure at 40ºC. 
- Potassium tert-butoxide was used as received and stored in dry nitrogen atmosphere. 
- 2-Bromopropionyl chloride, 2-chloropropionyl chloride were distilled under reduced 
pressure prior to use. 
- Triethylamine was dried over CaH2 and distilled over it at atmospheric pressure, prior to 
use. 
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- Dimethylaminopyridine (DMAP) was recrystallized from toluene. 
- N-Isopropylacrylamide (NIPAM) was recrystallized three times from distilled hexane and 
stored at 4 °C. 
- Monomers: 4-vinylpyridine (4VP), dimethylacrylamide (DMAAM), t-butylacrylate 
(tBuAc), N-vinylpyrrolidone (NVP) were distilled over CaH2 under reduced pressure and 
stored at -20°C in inert atmosphere. 
- Tris-(2-aminoethyl-amine) (TREN), formic acid and formaldehyde, were used as 
received. 
- ATRP initiators: 1-Phenylethylbromide (PEBr), 1-Phenylethylchloride (PECl), methyl 2-
bromopropionate (MBP) and methyl 2-chloropropionate (MBP) were used as received. 
- All ATRP components like catalysts: copper bromide (CuBr), copper chloride (CuCl);  
ligands: tris-(2-dimethylaminoethyl)amine (Me6TREN), 1,4,8,11-tetramethyl-1,2,8,11-
tetraazacyclotetradecane (Me4Cyclam), N,N,N’,N’’,N’’– pentamethyldiethylenetriamine 
(PMDTA) and additives: copper (Cu0), deactivators copper (II) bromide (CuBr2), copper 
(II) chloride (CuCl2) were stored in dry and inert atmosphere (in desiccator) and used 
without additional purification. 
- Dimethyl maleic anhydride and di-tert-butyl dicarbonate (Boc)2O were used as received. 
- Diaminoethane and acryloyl chloride were distilled under atmospheric pressure prior to 
use. 
- Silica gel 60 (0,040-0,063 mm, Merck) and aluminium oxide 90 active neutral (0,063-
0,200 mm, Merck) were used as received. 
- Sodium chloride and magnesium sulphate (Merck) were used as received. 
 Solvents: 
- THF for anionic polymerisation was dried and refluxed over Na/K alloy. 
- All solvents for ATRP were purified by distillation at atmospheric pressure under inert 
conditions or under vacuum. 
- The solvents for synthesis were purified by distillation. 
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5.3.  Syntheses 
5.3.1. Synthesis of protected glycidol (glycidol acetal) 
The monomer, glycidol acetal was synthesised according to Fitton et al. [195], as was presented 
in Figure 3.13 (literature review). 
In an example preparation, to 3000 mL three-neck flask equipped with thermometer, N2 gas 
inlet/outlet and magnetic stirrer, 350 mL (5,23 mol) of freshly distilled glycidol and 1700 mL 
(17,8 mol) of ethylvinyl ether were added. After cooling of the reaction mixture, in an ice bath 
to 0 °C to prevent overheating, 8 g (0,046 mol) of p-toluene sulphuric acid was slowly added. 
The reaction was continued under stirring at room temperature to high glycidol conversion, 
indicated by gas chromatography (approx. 3h). After this time the reaction mixture was 
extracted with an excess of saturated NaHCO3. The organic phase was collected and dried 
over magnesium sulphate. The solid was filtrated off and excess of ethyl vinyl ether was 
removed under vacuum.  
The crude product - ethoxy ethyl glycidyl ether (glycidol acetal) - was fractionated under 
reduced pressure. Fraction with purity of the monomer exceeding 99,8% (indicated by gas 
chromatography) was collected into the ampule, dried and stored under reduced pressure over  
CaH2. 
Yield:  97% of crude product, 70% after fractionation (purity 99,8%). 
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1H NMR (CDCl3, 500 MHz): δ (ppm) (g) 1,1-1,5 (t, CH3); (e) 1,2-1,25 (q, CH3); (f) 2,5-2,8 
(m, CH2); (a, b, c) 3,1-3,8 (m; CH, CH2); (d) 4,7-4,75 (m, CH). 
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5.3.2. Synthesis of poly(glycidol) acetal via anionic polymerisation 
Anionic polymerisation of the protected glycidol was carried out as presented in Figure 5.1. 
according to Dworak et al. [225], using deep vacuum line technique.  
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Figure 5.1. Anionic polymerisation of glycidol acetal. 
In an example preparation, 0,795 g (7,1 mmol) of potassium tert-butoxide was weighed under 
dry nitrogen atmosphere and than dissolved in 20 mL of dry THF (targeted DP = 55). 
Meanwhile, 56,9 g (0,39 mol) of glycidol acetal was distilled into the ampule under reduced 
pressure and diluted with 20 mL of dry THF. 
The reactor with initiator solution was cooled down to –50 °C and the solution of monomer 
was slowly added. The reaction mixture was left stirring until it reached room temperature 
and then was immersed in thermostated oil bath. The polymerisation was carried out at 60 °C 
for 24 h to full conversion of the monomer (indicated by gas chromatography). The living 
polymer was terminated by addition of several drops of distilled water (0,5 molar excess in 
respect to active centres) in order to obtain OH-terminated poly(glycidol acetal) (visually 
evidenced in turbidity changes of THF polymer solutions). Formed KOH was removed via 
centrifugation. To improve purification, remained traces of KOH were removed by passing 
the polymerisation mixture through a 0,2 µm filter. THF was evaporated to give 27 g of pure 
poly(glycidol acetal) (95% yield). 
By changing the initial ratio between the amount of initiator and monomer, polymers with 
different degree of polymerisation were synthesised (DP from 23 to 100). All further anionic 
polymerisation procedures remained unchanged. 
The structures of obtained polymers were confirmed by means of 1H NMR spectroscopy. 
1H NMR (CDCl3, 500 MHz): δ (ppm) (a, f, h,) 
1,12-1,25 (CH3,m); (b, c, d, g) 3,45-3,65 (3CH2, 
CH, m); (e) 4,63-4,72 (CH, m); (i) not found. 
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CH2
O
O n
 
CH OCH2CH3
CH3
a                    b        c                   i
d
 e         g       h
f
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5.3.3.  Synthesis of poly(glycidol) macroinitiator  
5.3.3.1. Esterification of protected glycidol 
Synthesis procedure was based on literature with small adaptations to poly(glycidol acetal) 
systems [153]. The reaction was carried out as presented in Figure 5.2. 
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Figure 5.2. Esterification of protected glycidol. 
For a typical example, in 100 mL round bottom flask, 10 g of OH-terminated polymer (2,45 
mmol of OH groups) was dissolved in 70 mL of benzene. The reaction mixture was gently 
heated up and boiled at atmospheric pressure until all added water was not removed. After 
removal of around 40 ml of water-benzene mixture, the flask was poured with argon and 
sealed with a rubber septum. The solution was cooled down to 0 °C and 0,69 mL (4,9 mmol, 
two molar execs in respect to OH groups) of triethyl amine (TEA) was added. The reaction 
mixture was left in an ice bath for additional 15 min. After this time 0,47 mL (4,9 mmol) of 2-
chloropropionyl chloride (CPC) was added drop-wise via a syringe over a period of 10 min, 
and left in an ice bath for additional 30 min. The reaction mixture was then stirred for 48 h at 
room temperature. After two days, it was extracted three times with saturated NaHCO3 
solution and two times with water to neutral pH. The organic layer was collected and dried 
over MgSO4. Solvent was evaporated to give 9 g of Cl-terminated poly(glycidol) acetal with 
90 % yield.  
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Macroinitiator with Br-moiety was synthesized in the same manner, using as esterification 
agent 2-bromopropionyl bromide (BPB). The further procedures remained unchanged. 
Esterification of hydroxyl groups was confirmed by 1H NMR spectroscopy (appearance of 
new peak from CH3 groups 1,7-1,75 ppm (alkyl with Cl group) and 1,8-185 ppm (alkyl with 
Br-group), respectively and by MALDI-TOF analysis. 
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1H NMR (CDCl3, 500 MHz): δ (ppm) (a, f, h,) 1,12 – 1,25 (CH3,m); (b, c, d, g) 3,45-3,65 
(3CH2, CH, m); (e,i) 4,63-4,72 (CH, m); (j) 1,7-1,75 (CH3,d) for X = Cl and (j) 1,8-1,85 
(CH3,d) for X = Br, respectively.  
5.3.3.2. The removal of protecting acetal groups from poly(glycidol) units 
Selective deprotection of poly(glycidol) acetal was proceeded in acidic condition, in the way 
presented in Figure 5.3, to give water soluble poly(glycidol) ATRP macroinitiator. 
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Figure 5.3. Deprotection of hydroxyl groups of protected glycidol. 
• Hydrolysis of Cl-terminated poly(glycidol) acetal 
Hydrolysis was usually performed as follows: 1 g of protected polymer was placed into a 
beaker, equipped with magnetic stirrer and dissolved in 5 mL of DMF. After dissolution of 
the polymer, 2,72 mL of conc. HCl was added and the mixture was stirred for additional 30 
min. After this time, the acid was neutralized by fast addition of 20 ml of saturated NaHCO3 
solution. The mixture was concentrated under vacuum by rotary evaporator and subsequently 
precipitated salts were removed by filtration. Finally, the obtained macroinitiator was 
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dissolved in methanol and precipitated twice into 10-fold excess of cold acetone immersed in 
ethanol bath at -40 °C. After decanting off the liquid phase, the polymer was collected and 
dried to give 0,4 g of Cl-terminated macroinitiator (80% yield) with 85 - 95% functionality of 
initiating groups and 100% deprotected hydroxyl groups. 
• Hydrolysis of Br-terminated poly(glycidol) acetal 
Because of simultaneous hydrolysis of ester bond of initiating moiety during deprotection of 
acetals groups in DMF, mentioned above conditions had to be modified for deprotection of 
Br-terminated poly(glycidol) acetal. In general, all hydrolysis conditions were kept, only in 
stead of solvent, where DMF was replaced by acetone which was used as the solvent. 
However, maximum functionality after deprotection never exceeded 40%. Also deprotection 
of hydroxyl groups was not complete (80-90%). 
The structure of the obtained macroinitiators was confirmed by 1H NMR spectroscopy.  
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1H NMR (DMSO-d6, 500 MHz), δ (ppm) : (a) 1,2 (3CH3, s); (b, c, d) 3,5-3,5 (2CH2, CH,  
m); (e, f) 4,5-4,6(OH, CH s); (g’) 1,6 (CH3, d) for X = Cl and (g’’) 1,7 (CH3, d) for X=Br, 
respectively. 
5.3.4. Synthesis of pH sensitive block copolymers via atom transfer radical 
polymerisation (ATRP) by macroinitiator technique 
5.3.4.1. Poly(glycidol)-block-poly(4-vinylpiridine) copolymers formation              
(PGl-b-P4VP) 
• Synthesis of  ligand tris-(2-dimethylaminoethyl) (Me6TREN) 
Tris-(2-dimethylaminoethyl) amine (Me6TREN) (Figure 5.4.) is used successfully as a ligand 
for the ATRP of many monomers, among them also for 4-vinylpyridine. It was synthesized 
according to [207].  
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For a typical example: the mixture of 3 mL tris-(2-aminoethyl) amine with water (2,3 mL) 
was added drop-wise to a solution of 16 mL formic acid (85%) and 13 mL formaldehyde 
(37%). Since reaction was strongly exothermic, to prevent overheating, the reaction mixture 
was kept in an ice bath and additionally left stirred for 1 h at room temperature. Then, it was 
immersed in oil bath and heated to 120 °C and left for 6 h. The reddish liquid was 
concentrated via rotary evaporator to remove unreacted formic acid and formaldehyde. 
Residual liquid phase was neutralized to pH = 10 with 10% NaOH solution and extracted five 
times with CH2Cl2. Organic layer was collected and dried over MgSO4. The excess of 
dichloromethane was evaporated and resulting liquid was finally distilled under vacuum to 
give 3,1 g of almost colourless liquid (75% yield). 
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Figure 5.4. Structure of tris-(2-dimethylaminoethyl) amine (Me6TREN). 
1H NMR (CDCl3, 500 MHz ) δ (ppm): (a) 2,2 (m, CH3); (b) 2,39 (m, CH2); (c) 2,6 (m, CH2). 
• Polymerisation of 4-vinyl pyridine (4VP) initiated by poly(glycidol) macroinitiator  
Block copolymers of poly(glycidol) and 4-vinylpiridine were synthesised according to 
procedure presented in Figure 5.5.  
CuCl, Me6TREN
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CH2
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+
Figure 5.5. ATRP of  poly(glycidol)-b-poly(4-vinylpyridine). 
The desired amount of the Cl-terminated macroinitiator (1 g, 0,24 mmol) was added to the 
glass reactor and dried to constant weight. The reactor was back filled with argon, weighted 
and sealed with silica septum. 13 mL of isopropanol was added under argon to dissolve the 
macroinitiator (3-fold volume ratio in respect to amount of 4VP). After dissolution, 0,024 g 
CuCl (0,24 mmol) and 0,055 g Me6TREN (0,24mmol) were added to keep the molar ratio 
[macroinitiator]:[CuCl]:[ Me6TREN] = 1:1:1. The solution was stirred until the Cu complex 
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was formed, what was indicated by the appearance of a green colour. After complex 
formation, 4,3 mL (40 mmol) of deoxygenated 4VP was added whereas colour changed from 
green to light brown. The polymerisation mixture was degassed by three freeze-pump-thaw 
cycles and the reactor was immersed in an oil bath at 50 °C. After 6 h the polymerisation 
mixture became very viscous and the reaction was stopped by fast cooling. The crude polymer 
was diluted with chloroform and precipitated with hexane to give 4,8 g of PGl-b-P4VP block 
copolymer. Monomer conversion was determined by gravity method (yield 90%) and by gas 
chromatography (yield 96%). 
The polymer was again dissolved in chloroform and the solution was filtered through 
aluminium oxide neutral column to remove catalyst. Finally, it was precipitated from 
chloroform into 10-fold excess of hexane and dried in vacuum for 24 h to give 4,5 g of 
yellowish powder. 
Yields of block copolymer preparation varied from 85% to 95%.   
1H NMR analyses were performed in CD3OD. Two new broad resonance appeared for the 
aromatic protons of the poly(4-vinylpyridine) segment δ = 6,5 – 6,9 ppm and δ = 8,2 – 8,4 
ppm with characteristic broad poly(glicydol)backbone signals δ = 3,28 – 3,55 ppm. The 
composition of copolymer was calculated as the ratio between intensity value of aromatic 
protons from poly(4-vinylpyridine) segment to the total area of poly(glicydol) block, and well 
corresponded to targeted values.
CH2
N
CH *m
 * CH2 CH
CH2
OH
O n
 
a        b 
c 
e        f
g
h
g
d
h
1H NMR (CD3OD, 500 MHz): δ =  (e, f) 1,4 –1,8 (CH2, CH); (a, b, c) 3,45 – 3,65 (CH2, 
CHO, CH2OH,  m); (d) 4,0 – 4,2 (OH), (g) 6,5 – 6,9 (CHar); (h) 8,0 – 8,4 (CHarN).   
5.3.4.2. Poly(glycidol)-block -poly(acrylic acid) copolymers formation (PGl-b-PAAc) 
• Polymerisation of tert-butyl acrylate initiated by poly(glycidol) macroinitiator, PGl-b-
tBuAc copolymers synthesis 
Similar procedures as in case of PGl-P4VP block formation were used. The synthesis route is 
presented in Figure 5.6. On contrary to former method, Br-ended macroinitiator was used. 
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Figure 5.6. Preparation of  poly(glycidol) and poly tert-butylacrylate 
For a typical example, 0,47 g (0,162 mmol) of macroinitiator was placed in a reactor. 4,5 mL 
of degassed DMF was added in ratio 1:3 v/v in respect to tert-butylacrylate. Because of phase 
separation between monomer and macroinitiator solution, lower ratios were not applicable. 
All solids: 0,016 g of CuBr (0,0814 mmol), 0,001 g of CuBr2 (0,004 mmol) calculated in 
respect to the amount of macroinitiator, were added to the reactor. 1,53 mL (0,01 mol) of 
degassed monomer was added by syringe. After 5 min of stirring 0,018 mL of PMDTA (0,086 
mmol) was added to form the Cu complex. After 2 min. colour changed from yellowish to 
light green. The polymerisation mixture was degassed by three freeze-pump-thaw cycles and 
the glass reactor was then immersed in the thermostated oil bath at 60 °C for 12 h. The 
reaction was finished by fast cooling.  
The obtained polymer was precipitated from DMF to 10-fold excess of water, filtered off and 
dissolved in acetone. The polymer solution was then passed through Al2O3 neutral column to 
remove copper. Finally, the polymer was precipitated from acetone into 10-fold excess of 
hexane, collected and dried to give 1,1 g (60% yield). 
1H NMR analysis was performed in deuterated solvents mixture of CDCl3 and CDOD3 in 3:1 
v/v ratio.  
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1H NMR (CDCl3: CDOD3 3:1, 500 MHz): δ =  (e, g) 1,2 –1,4 (CH3, CH2); (e) 1,6 -1,7 (CH2); 
(f) 2,0 – 2,2 (CH);  (a, b, c) 3,45-3,65 (CH2, CHO, CH2OH, m); (d) 4,0 – 4,2 (OH). 
 
 
77 
5 Experimental Procedures 
• Hydrolysis of poly(tert-butylacrylate) segment 
Deprotection of hydroxyl groups from tert-butyl acrylate block was preceded in the way 
presented in Figure 5.7. [226] . 
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Figure 5.7. Acidic hydrolysis of tert-butyl groups from tert-butyl acrylate block.  
0,2 g of poly(glycidol-b-t-butylacrylate) polymer of was dissolved in 2 mL of 
dichloromethane. 0,8 mL of trifluoroacetic acid (7,62 mmol), 5-fold molar excess of acid with 
respect to ester groups was added. Because of difficulties in exact estimation of composition 
of block copolymers (signals overlapping), the targeted composition of block copolymer was 
assumed. The reaction was carried out for 24 h at room temperature. Gradual precipitation of 
hydrolysed polymer was observed. The precipitated polymer was collected, dissolved with 
water, neutralized, desalinated and dried to give 0,1 g of PGl-b-PAAc block copolymer (90% 
yield). 
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1H NMR (CD3OD, 500 MHz), δ (ppm): (e) 1,6 –1,9 (CH2); (e)1,95 – 2,05 (CH2); (f) 2,3-2,6 
(CH); (a, b, c) 3,45-3,65 (CH2, CHO, CH2OH, m); (d) 4,5 (OH); (g) 4,8 (OH). 
5.3.5. Synthesis of temperature sensitive block copolymers via atom transfer radical 
polymerisation (ATRP) 
5.3.5.1. Poly(glycidol)-block-poly(N-isopropylacrylamide) copolymers formation 
(PGl-b-PNIPAM) 
The copolymer synthesis was based on information found in literature [227] and is presented in 
Figure 5.8.  
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Figure 5.8. Preparation of copolymer of poly(glycidol) and poly(N-isopropylacrylamide). 
• CuI-Me6TREN complex preparation 
To the small reactor, equipped with stir bar and filled with argon 0,11g of Me6TREN (0,48 
mmol) and 0,047g of CuCl (0,48 mmol) were introduced in order to have [CuCl]:[Me6TREN] 
= 1:1 molar ratio. To remove traces of oxygen, the reactor was evacuated and filed with dry 
argon two times. Then 1 mL of degassed (via three freeze-pump-thaw cycles) water was 
added. After stirring for few minutes a dark blue, heterogeneous solution was obtained. Than, 
desired volume of complex solution was transformed into the reactor just before onset of 
polymerisation.  
• Polymerisation of N-isopropylacrylamide initiated by poly(glycidol) macroinitiator, 
PGl-b-PNIPAM copolymers synthesis 
Polymerisation was proceeded in DMF/water volume ratio 1:1. The amounts of solvents were 
calculated in respect to the amount of NIPAM (for 1 g of NIPAM 2,2 mL of DMF). 
For a typical example, 1 g (0,24 mmol) of Cl-ended macroinitiator was introduced into glass 
reactor and dissolved in 10 mL of degassed DMF. As next under argon atmosphere 4,5 g (0,4 
mmol) of NIPAM and 9 mL of water were introduced into the vessel and all was degassed by 
three freeze-pump-thaw cycles. Then 1 mL of freshly prepared CuI-Me6TREN complex 
solution was added (complex preparation is describe above) and colour turned to light blue.  
After complex addition, small exothermic effect (∆T = 5-10 °C) was noted indicating onset of 
polymerisation. In order to avoid local overheating of polymerisation mixture, the reactor was 
immersed in cold water to keep polymerisation temperature constant. The polymerisation 
mixture becomes progressively viscous. After 6 h reaction was stopped by fast freezing. 
Solvents were evaporated (especially water), the residue was dissolved in chloroform and 
passed through Al2O3 column to remove copper. After evaporation of excess of chloroform, 
the polymer solution was precipitated twice into 10-fold excess of diethyl ether. The white 
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powder of the block copolymer was collected and dried. The yield of polymerisation varied 
from 90% to 95%.  
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1H NMR (D2O, 500 MHz), δ (ppm): (h) 1,0 – 1,3 (CH3, m); (e) 1,3 – 1,8 (CH2, m); (f) 1,8 – 
2,2 (CH, m); (a, b, c) 3,45-3,65 (CH2, CH, m); (g) 3,8 – 4,0 (CH); (d) 4,5 (OH or HDO, m); 
(i) NH not found. 
5.3.5.2. Poly(N-isopropylacrylamide)-block-poly((N-isopropylacrylamide-
dimethylacryl amide) copolymers synthesis (PNIPAM-b-P(NIPAM-r-
DMAAM)) 
Synthesis route presented in Figure 5.9. is similar to the one described in [227] and performed 
to PGl-b-PNIPAM block copolymers formation.  
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Figure 5.9. PNIPAM-b-(PNIPAM-r-DMAAM) block copolymers synthesis. 
For a typical example: in 50 mL glass reactor 1 g (0,24 mmol) of NIPAM was placed and 
dissolved in 10 mL of DMF and 9 mL of water. The reaction mixture was degassed by three 
freeze-pump-thaw cycles and 1 mL of freshly prepared CuI-Me6TREN complex solution 
(preparation described for PGl-b-PNIPAM synthesis) was added what caused the colour 
change to light blue. After 5 min. 20 µL of initiator methyl (2-chloropropionate) was added 
and polymerisation was carried out at room temperature for 2 h. The conversion of monomer 
measured with gas chromatography reached 99%. 
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At this stage to the living system fresh feed of NIPAM (3 g, 0,72mmol) and DMAAM (1 g, 
0,99 mmol) mixture diluted with 5 mL of DMF : water (1:1 v/v ratio) was added. 
Polymerisation mixture was becoming progressively more viscous. After additional 3 h, 
polymerisation was stopped by fast freezing. Solvents were evaporated and chloroform 
solution of obtained block copolymer was passed through Al2O3 column to remove copper. 
The polymer solution was precipitated twice into 10-fold excess of diethyl ether, polymer was 
filtered off and dried to give 4,5 g of white powder with 90% yield.  
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1H NMR (D2O, 500 MHz), δ (ppm): (d) 1,0 – 1,3 (CH3, m); (a, e) 1,3 – 1,8 (CH2, m); (b, f) 
1,8 – 2,2 (CHN); (c) 3,8 – 4,0 (CH, s); (g) 2,7 – 3,1; NH not found. 
5.3.6. Synthesis of photocrosslinkable temperature sensitive block copolymers via atom 
transfer radical polymerisation (ATRP) 
5.3.6.1. Photocrosslinkable chromophore synthesis (DMIAAm) 
N-[2-(3,4-Dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-ethyl]-acrylamide (DMIAAm) was 
synthesized according to procedure described in the literature [154]. It was a four steps 
synthesis, outlined in Figure 5.10. 
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Figure 5.10. Synthesis of DMIAAm chromophore 
(a) (Boc)2O, 1,4-dioxane, RT, 48 h; (b) Dimethylmaleic anhydride, toluene, 130°C, 2.5h; 
(c) CF3COOH, CH2Cl2, RT, 1h; (d) CH2 = CHCOCl, Na2CO3, CH2Cl2, 0-5°C, 2.5h, RT. 
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Step 1. Tert-butyl-N-(2-aminoethyl)carbonate (1) 
According to [154], solution of 26,2 g (0,12 mol) di-tert-butyldicarbonate ((Boc)2O) in 300 mL 
freshly distillated 1,4-dioxane was added drop-wise to a rigours stirred solution of 55,7 g 
(0,93mol) diaminoethane in 300 mL 1,4-dioxane during 4 h at room temperature and left for 
additional 48 h. After this period, formed white solid was filtered and the solution was 
concentrated in order to remove the excess of 1,4-dioxane and unreacted diaminoethane. The 
resulting solution was treated with 500 mL of water, which was subsequently dropped to the 
stirred solution. White solid bis(N,N‘-tert-butyloxycarbonyl)-1,2-diaminoethane was 
precipitated and was subsequently removed by filtration. The resultant aqueous solution was 
saturated with sodium chloride and extracted with dichloromethane. The organic phase was 
collected and dried over magnesium sulphate. The removal of the solvent under vacuum 
afforded in 18,6 g of light yellow oil of tert-butyl-N-(2-aminoethyl)carbonate (1). (97% 
yield). 
1H NMR (CDCl3), δ (ppm): 1,38 (9H, 3CH3); 2,12 (2H, NH2); 2,73 (2H, CH2NH2); 3,12 (2H, 
CH2NH2); 5,31 (1H, NH).  
13C NMR (CDCl3), δ (ppm): 28,25 (3CH3); 41,58 (CH2NH2); 43,04 (CH2NH); 78,98 
(C(CH3)3); 156,22 (C=O). 
Step 2. N-[2-(3,4-Dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-aminoethyl]-tert-butyl-
carbonate (2) 
For a typical example, in 1000 mL one-neck flask equipped with stir bar, 14,7 g of dimethyl 
maleic anhydride (0,116 mol) was dissolved in 500 mL of toluene and then, 18,4 g tert-butyl-
N-(2-aminoethyl)carbonate (1) (0,116 mol) was added to the stirred solution. The flask was 
equipped with condenser and water trap and the mixture was gently heated up to 130 °C until 
all formed water was removed from reaction mixture (∼4,5 h). The resultant solution was 
concentrated and precipitated from cold hexane to give 28,3 g of N-[2-(3,4-dimethyl-2,5-
dioxo-2,5-dihydro-pyrrol-1-yl)-aminoethyl]-tert-butyl-carbonate (3) as a white solid (95% 
yield). Melting point at 106°C. 
1H NMR (CDCl3), δ (ppm): 1,38 (9H, 3CH3, Boc); 1,94 (6H, 2CH3, maleic); 3,28 (2H, 
CH2NH); 3,58 (2H, CH2N); 4,83 (1H, NH). 
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13C NMR (CDCl3): δ (ppm) 8,67 (2CH3, maleic); 28,25 (3CH3, Boc); 37,92 (CH2N); 39,73 
(CH2NH); 79,31 (C(CH3)3); 137,25 (2C=C); 155,87 (C=O, Boc); 172,21 (2C=O, maleic). 
IR (KBr): ν (cm-1) 3389 (NH); 2984 (CH); 2938 (CH); 1713 (C=O, maleic); 1687 (amide I) 
and 1520 (amide II). 
Step 3. N-[2-(3,4-Dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-ethyl]-amine (4) 
15,6 g (0,062 mol) of N-[2-(3,4-dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-aminoethyl]-
tert-butyl-carbonate (3) was dissolved in 50 mL of dry dichloromethane. Then 112 mL (4,5 
mol) of trifluoroacetic acid  was slowly dropped into fast stirred mixture. After this addition, 
the flask was equipped with CaCl2 tube and left for additional 45 min at room temperature. 
The reaction mixture was concentrated and most of the solvent and acid was removed by 
rotary evaporation. The crude product was dissolved in water (in order to obtain 10% weight 
solution) and neutralized with diethylamine until neutral pH was achieved. The obtained 
solution was stirred for additional 2 h at room temperature, saturated with NaCl and then 
extracted with an excess of ethyl acetate. The organic phase was collected and dried over 
magnesium sulphate and solvent was removed by rotary evaporation to give 6,6 g of (4) as a 
white solid (63% yield). Melting point and decomposition point at 210 °C. 
1H NMR (DMSO), δ (ppm): 1,69 (6H, 2CH3); 2,85 (2H, CH2NH2); 2,52 (2H, CH2N); 8,41 
(2H, NH2). 
13C NMR (DMSO): δ (ppm) 8,02 (2CH3); 34,86 (CH2NH2); 37,80 (CH2N); 136,85 (2C=C); 
171,30 (2C=O). 
IR (KBr): ν (cm-1) 3462 (NH2); 3054 (CH); 2925 (CH); 1704 (C=O). 
Step 4. N-[2-(3,4-Dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-ethyl]-acrylamide (4) 
6,5 g (0,038 mol) of N-[2-(3,4-dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-ethyl]-amine (4)  
and 4,13 g (0,038 mol) of sodium carbonate were added to 65 mL dichloromethane. After 
suspension formation, the mixture was cooled down to 0 °C in an ice bath and 3,18 mL (0,038 
mol) of freshly distillated acryloyl chloride (AcrCl) was slowly added via syringe over 15 
min. The reaction mixture was stirred at 0 °C for 2 h and then was allowed to warm up to 
room temperature and left for additional 4 h. The resultant solution was filtered, concentrated 
and dried under vacuum to give a brown oil. The crude product was diluted with benzene and 
freeze-dried from solution until all unreacted halide was removed. White solid of (5) was 
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obtained to give 2,5 g of N-[2-(3,4-dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-ethyl]-
acrylamide (yield 30%). Melting point at 125°C. 
1H NMR (CDCl3): δ (ppm) 1,85 (6H, 2CH3); 3,39 (2H, CH2N); 3,58 (2H, CH2N); 5,51 (1H, 
CH2=); 6,0 (1H, CH=); 6,1 (2H, CH2=); 6,64 (1H, NH). 
13C NMR (CDCl3): δ (ppm) 8,46 (2CH3); 37,12 (CH2NH); 38.89 (CH2N); 126,0 (CH2=); 
130,63 (CH=); 137,16 (2C=C); 165,80 (C=O, acrylic); 172,11 (2C=O, maleic). 
IR (KBr): ν (cm-1) 3307 (NH); 3071 (CH); 2942 (CH); 1707 (C=O, maleic); 1656 (amide I); 
1626 (C=C); 1546 (amide II). 
5.3.6.2. Poly(glycidol)-block-[poly(N-isopropylacrylamide)-r-(N-2-(3,4-Dimethyl-2,5-
dioxo-2,5-dihydro-pyrrol-1-yl)-ethyl-acrylamide)] block copolymers 
formation (PGl-b-P(NIPAM-r-DMIAAm)) 
Photocrosslinkable PGl-b-P(NIPAM-r-DMIAAm) block copolymers were synthesised in the 
similar way like the corresponding chromophore free systems, with the exception that in stead 
of pure NIPAM, the mixture of NIPAM with chromophore was introduced to the 
macroinitiator solution. The synthesis route is presented in Figure 5.11.  
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Figure 5.11. Synthesis of stimuli sensitive photocrosslinkable (PGl-b-P(NIPAM-r-
DMIAAm). 
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The amount of added chromophore was always estimated in respect to desired length of 
PNIPAM segment and was equal 2%, 6%, 10% mol. The value of incorporated chromophore 
was confirmed by 1H NMR and from UV measurements. 
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1H NMR (D2O, 500 MHz), δ (ppm): (h)  1,0 – 1,3 (CH3, m); (e, i) 1,3 – 1,8 (CH2, m); (m) 1,8 
– 1,9 (CH3, s ); (f, j) 1,8 – 2,2 (CH, m); (a, b, c, k, l) 3,45-3,65 (CH2, CH, m); (g) 3,8 – 4,0 
(CH); (d)  4,5 (OH, m); (n) not found. 
5.3.6.3. Poly(N-isopropylacrylamide)-block-poly(N-isopropylacrylamide-
dimethylacryl amide-N-2-(3,4-dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-
ethyl-acrylamide)) copolymers formation (PNIPAM-b-P(NIPAM-r-
DMAAM-r-DMIAAm)) 
Photocrosslinkable PNIPAM-b-P(NIPAM-r-DMAAM-r-DMIAAm) block copolymers were 
prepared according to the procedures used to analogues chromophore free systems. At the 
second step, degassed mixture of monomers with appropriate amount of chromophore was 
added to the reactive PNIPAM chain. Chromophore content in the second block varied from 2 
to 5 mol-%. 
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1H NMR (D2O, 500 MHz), δ (ppm):  (d) 1,0 – 1,3 (CH3, m); (a, e, m) 1,3 – 1,8 (CH2, m); (b, 
f, h); 1,8 – 2,2 (CH, s); (k) 1,8 – 1,9 (CH3, s); (g) 2,7-3,1 (CH3, m); (i, j) 3,55-3,60 (CH2); (c)  
3,8 – 4,0 (CH, s); (l) NH not found. 
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5.4.  Microgels formation 
5.4.1. Temperature sensitive microgels 
• UV Lamp Set Up 
All the synthesised photocrosslinked microgels were obtained by irradiation of the water 
solution of the photocrosslinkable polymers by UV light. The scheme of used equipment is 
presented in Figure 5.12.  
1.
2.
3.
4.
5.
1.  UV Lamp
2.  Cover
3.  Double-layer glass reactor
4.  Stirrer
5.  Lift
Power supply     
system.
 
Figure 5.12. Set up for photocrosslinkable microgels formation  
The source of UV light was vertically situated UV lamp OSRAM (100W). In order to have 
reproducible data and perform crosslinking above phase transition temperature, crosslinking 
was carried out in well thermostated double-wall glass reactor.  
• Preparation of microgels via photocrosslinking 
Appropriate amounts of photocrosslinkable PGl-P(NIPAM-DMIAAm) block copolymer were 
placed into small vessel and dissolved in 20 mL of distilled water to obtain polymer solutions 
at different concentrations in range from 0.1 to 10 g/L. Not only different molar segment 
PGl/PNIPAM ratios, but also amount chromophore content in the feed was varied. Samples 
with different chromophore percentage in the PNIPAM segment (2, 6, 10 mol-% of 
chromophore content) were investigated. The polymer solutions were stirred to dissolve all 
solids and left overnight.   
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For microgels formation, earlier the prepared copolymer solutions were passed through 0,2 
µm nylon membrane filter, transferred to 50 mL double-layer glass reactor and thermostated 
for 20 min at temperature above their phase separation temperatures. Depending upon 
copolymers structure, crosslinking temperature was varied and kept in range between 50 and 
60 °C.  
When polymer was placed in double glass reactor, solution turned turbid immediately, 
indicating polymer aggregation. However, the intrinsic stability coming from hydrophilic 
poly(glycidol) segment prevented precipitation of the polymers and colloid solution was 
stable under this conditions without any surfactant addition. The sample was stirred in the 
reactor for additional 15 min, placed below vertically fitted UV lamp (Figure 5.12.) and 
irradiated for 45 min. The reactor was taken from irradiation area and left to cool down to 
ambient temperature. All crosslinked polymer solutions appeared as light blue at the room 
temperature, indicating the formation of stable particles. 
In order to evaluate the influence of irradiation time on microgel properties, samples were 
drawn at appropriate periods in range from 0-60 min. 
In order to investigate gel formation by 1H NMR technique polymer sample was dissolved in 
D2O and placed into small thermostated vessel. Rest procedures remained unchanged. 
5.4.2. pH sensitive microgels 
• Preparation of microgels via quaternization 
pH sensitive microgels of poly(glycidol)-b-poly(4-vinylpyridine) (PGl-b-P4VP) were 
prepared by quaternization of aromatic nitrogen atom of poly(4-vinylpyrydine) segment. 
Appropriate amount of PGl-b-P4VP was dissolved in 20 ml of water with pH = 3 to give the 
solution of concentration from 0,5 to 1 g/L. Sample was left for 2 h stirring and than filtrated 
through 0,2 µm nylon membrane filter. Polymer solution was placed in 50 mL flask and left 
stirring. Desired amount of the crosslinker of dibromobutane was dissolved in required 
volume of methanol and added to the water solution of the block copolymer.  
Theoretically targeted degree of crosslinking of the microgel was calculated according to 
poly(4-vinylpyridine) content in applied block copolymer and varied from 3,5 to 15 %. The 
ratio water/methanol (v/v) was also changed and varied from 20 : 1 (20 mL of water and 1 mL 
of methanol) to 4 : 1 (20 mL of water and 5 mL of methanol). 
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In typical example, after 30 min of stirring at acidic conditions, pH was slowly increased to 
4,5 by gentle addition of small amount of 0,05 M NaOH solution. The change of the pH was 
controlled by pH-meter. By pH increase, the reaction mixture became gradually turbid. When 
desired pH value was reached, crosslinker solution was added. Crosslinking process was 
carried out for further 48 h. Then the reaction mixture was placed in the cellulose membrane 
(MWCO = 50000 g/mol) and dialysed in methanol to remove unreacted crosslinker and un-
crosslinked polymers. As next, membrane with microgels solution was placed in water and 
dialysed for additional few days to remove methanol. Such purified microgels were used in 
further investigations. 
5.5. ATRP homopolymerisation of N-vinylpyrrolidone (NVP) 
The trials of homopolymerisation of N-vinylpyrrolidone (NVP) by ATRP did not lead to 
polymer formation.  
As a first trial polymerisation was performed in conditions used for ATRP of 4-vinylpyridine  
isopropanol, using [Me4Cyclam] as ligand. Variety of initiators was used, like phenyl ethyl 
chloride (PECl), phenyl ethyl bromide (PEBr), methyl (2-chloropropionate) (MeClPr), methyl 
(2-bromopropionate) (MeBrPr), keeping constant molar ratio of 
[initiator]/[catalyst]/[Me4Cyclam] = 1/1/1. After 24 h, only in case of PEBr small monomer 
consumption was noticed so further investigations with PEBr as initiator were performed.  
Further trials to improve ATRP of this monomer were focused on condition changes: solvent, 
time, temperature etc. Different solvents like: pure DMF, toluene, methanol did not improve 
ATRP of NVP. When solvent was changed to mixture of toluene/DMF (ratio 9:1) 
polymerisation was started. However, only oligomers were obtained with Mn < 500 g/mol. 
Changing of polymerisation time in wide range (from 1, 2, 5 h to even 48 h) also was did not 
result in polymer synthesis.  
Different initiator/monomer ratio was also investigated. However, always during 
polymerisation, precipitation of catalyst system was observed. Change from Me4Cyclam to 
Me6TREN, which is also known as one of the strongest ligands with CuX (X : Cl, Br) did not 
improve polymerisation as well.  
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5.6. Measurements 
• Gas Chromatography (GC) 
In all polymerisation experiments, conversions were estimated or by gravity technique or 
measurements of the residual monomer content by gas chromatography, with p-xylene as 
internal standard, using VARIAN 3400 gas chromatograph with a J&W Scientific DB-5 (30 
m x 0.32 mm) column. 
• Nuclear Magnetic Resonance Spectroscopy (NMR) 
1H NMR spectra were recorded on Brucker DRX 500 (1H:  300 and 500 MHz; 13C: 125.77 
MHz). DMSO-d6, D2O, CD3OD, acetone-d6, CDCl3 were used as the solvents. The resonance 
are given in ppm referenced to the solvent peaks for DMSO-d6 (δ (1H) = 2,5 ppm), D2O (δ 
(1H) = 4,75 ppm), CDCl3 (δ (1H) = 7,25 ppm), CD3OD (δ (1H) = 4,85  ppm),  (CD3)2CO) (δ 
(1H) = 2,05 ppm). 
• Size Exclusion Chromatography with Multiangle Light Scattering Detection (SEC-
MALLS) 
The molar masses and the polydispersities of obtained products were determined by SEC-
MALLS using different measurement equipment: 
in THF as mobile phase: 
2 x Plgel Mixed-C+PL 102 Å+ guard PLgel (Polymer Laboratories, column system I) with 
refractive index detector Schambeck 2000 (Schambeck GmbH) and a multiangle light 
scattering detector DAWN EOS of Wyatt Technologies (λ=690 nm). 
PSS SDV 1x105 Å+1x103 Å+2x102 Å (Polymers Standards Service, column system II) with 
refractive index detector ∆n-1000 RI WGE Dr. Bures and a multiangle light scattering 
detector DAWN EOS of Wyatt Technologies (λ=690 nm). 
in DMF as mobile phase: 
GRAM 30 Å+102 Å+103 Å (Polymer Standards Service, column system III) with refractive 
index detector ∆n-1000 RI WGE Dr. Bures and a multiangle light scattering detector DAWN 
EOS of Wyatt Technologies (λ=690 nm). 
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Measurements were performed at 35 °C in THF and at 45 °C in DMF with a nominal flow 
rate of 1 mL/min. Results were evaluated using the ASTRA 4,73 software from Wyatt 
Technologies and WINGPC 6.0 software from PSS. 
• Matrix-Assisted Laser Desorption Ionisation Time of Flight Mass Spectroscopy 
(MALDI-TOF-MS) 
MALDI-TOF-MS measurements were performed on BRUKER DALTONICS biflex IV 
equipment. Accelerating potential of 20 kV in the positive mode was used. Samples for 
measurements were prepared in THF or other solvent by mixing of 1 µl of sample solution 
with 9 µl of matrix solution containing potassium triflate (ratio K+ : matrix = 1 : 9). As matrix 
2,5-dihydroxybenzoic acid was used. 1 µl of prepared mixture was deposited on the plate, and 
was left for solvent evaporation. Measurements were performed under high vacuum below 
1*10-7 mbar. To obtain the final spectrum 150 shots was accumulated. Peptide calibration 
standard (Bruker Daltonics) was used as external standard. 
• Differential Scanning Calorimetery (DSC) 
Calorimetric measurements of glass transition temperatures and phase transition temperatures 
of polymers were determined using 2920 Modulated Differential Scanning Calorimeter (TA 
Instruments). Upon phase separation temperature measurements polymer solutions ranging in 
concentration from 0,5 to 5 g/L were placed in DSC cells, sealed and were scanned in a N2 
gas flow against an empty reference cell from 0 °C to 80 °C with heating rates 5 °C min-1. 
Upon transition temperature measurements scans were performed at heating rate of 30 °C/h in 
the range of temperatures –70 °C to 100 °C. 
• UV-VIS Spectroscopy 
UV-VIS Lambda 19 (Perkin-Elmer) spectrometer was used to determine the content of 
incorporated chromophore in polymer backbone and also in order to investigate phase 
transition behaviour. The cloud points were measured, where spectrophotometer was coupled 
to a temperature controller. The 0,5 cm long sample cell, containing approximately 2 mL of 
polymer solution was used, against distilled water as a reference. The exact sample 
temperature was monitored by an external sensor.  
All polymer solutions were heated from 20 °C to 50 °C at very slow heating rates of             
0,2 °C/min for all runs. Polymer concentration was constant, kept at 0,5 wt-%. Scanning 
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wavelength was in range from 200 to 900 nm. All data to calculations were taken at λ = 350 
nm, unless otherwise specified.         
Also chromophore content in the photocrosslinkable polymers was estimated using UV-VIS 
technique. Polymer samples with concentration 2 wt-% were investigated at room temperature 
in the wavelength range from 300 to 500 nm. The values obtained for λ = 305 nm were 
comprised with calibration curve prepared for DMIAAm to give mol-% of chromophore in 
the polymer backbone. 
• Static Light Scattering (SLS) 
The SLS measurements were made with FICA 50 apparatus equipped with a He-Ne laser 
(wavelength of 632 nm). The measurements of polymers and microgels solutions were taken 
at observation angles θ varying from 15 to 120° at different temperatures. The samples were 
filtered using 0,2 µm nylon filters right to the 20 mm test tube, immersed in thermostated bath 
and measured.  
• Dynamic Light Scattering (DLS) 
To obtain the particles size and size distribution in aqueous solution DLS measurements were 
performed on a commercially laser light scattering spectrometer (ALV/DLS/SLS-5000) 
equipped with an ALV-5000EP multiple digital correlator. Laser goniometer system 
ALV/CGS-8F S/N 025 with a helium-neon laser (Uniphase 1145P, output power of 22 mW, 
with λ = 632,8 nm) was used. Typically, sample was passed through a 0,2 µm nylon 
membrane filter and transferred to 10 mm diameter test tube. Then it was closed and 
immersed in thermostated toluene bath, tempered within an error of ∓ 0.1 °C.  
The DLS measurements were performed for both stimuli sensitive copolymers and microgels. 
Sample solutions with concentration in the range from 1.10-2 to 2.10-1 g/L, were measured at 
angles θ = 30 - 110° (15° step). The temperature dependency or pH dependency of 
hydrodynamic radius was investigated. The value of hydrodynamic radius and 
polydispersities of the particles were obtained by cumulant analysis of the experimental 
correlation function.      
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• Scanning Electron Microscopy (SEM) 
The morphology and structure of the core-shell particles were determined by SEM. The 
measurements were performed on Zeiss GEMINI DSM 289, operating at 4 V. For sample 
preparation, the diluted microgel solution (0,005 g/L) was dropped on a microscope glass 
plate and dried in air at ambient temperature or at 45 °C, respectively. After 24 h, the dried 
samples were sprayed with a 3 nm thin gold layer prior to observation. 
• Atomic Force Microscopy (AFM) 
The surface topology of dried microgels beads prepared by spin-coating method was observed 
using AFM technique. The multimode AFM instrument (Digital Instruments, Santa Barbara) 
was operating in the tapping mode. Silicon tips with radius of 10-20 nm, spring constant of 30 
N/m, and resonance frequency of 250-300 kHz were used, correctly calibrated with gold 
nanoparticles (diameter 5 nm), in order to evaluate the tip radius. Than, the dimensions of 
structures obtained from AFM images were corrected (decreased) by the tip radius. 
• Titration 
Titrations of pH sensitive copolymers were performed using a “Titration Unit TitroLine easy” 
(Schott), using automatic buret controlled by the PC- titrate software. Samples were prepared 
by dissolution of 0,5 g of polymer in 50 ml of acidic water of pH = 3 (as acid HCl was used). 
Titration was run at room temperature in 100 mL beaker, fitted with pH electrode. 0,1 M 
solution of  NaOH freshly prepared from Acculate standards volumetric concentrates was 
used as titrant. In most cases, a slow rate of titrant addition was employed, at constant level 
0,02 mL/min.             
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6. Results and discussion – linear block copolymers 
6.1. Preparation of poly(glycidol)-based macroinitiators capable for ATRP 
In this dissertation the synthesis of linear poly(glicydol)-based macroinitiators with different 
molar masses will be reported. The switch from anionic to ATRP active center will be 
achieved by the end-capping of alkoxide active side to give ω-hydroxyl functionalized 
polymers and their transformation to form macroinitiators for ATRP. 
As it was mentioned glycidol (2,3-epoxypropan-1-ol) is a bifunctional monomer, bearing both 
epoxy and hydroxyl functional groups. It can be polymerised anionically upon base-initiated 
polymerisation conditions however, the brunched structures will be obtained. In order to 
obtain linear polymers, the hydroxyl group of glycidol must be reversibly protected. One of 
the protection methods was described by Fitton [195] who converted the hydroxyl group of the 
monomer into an acetal group. In this work the polymerisation of glycidol acetal according to 
procedures proposed by Dworak et al. will be applied [225]. 
6.1.1. Synthesis of linear poly(glycidol acetal) 
As the protection method, the acid-catalysed reaction of glycidol with ethyl vinyl ether 
leading to 2,3-epoxypropyl-1-ethoxy ethyl ether (for simplicity, further this monomer will be 
called glycidol acetal) was chosen [194]. During this reaction, a big excess of vinyl ether was 
used where ethyl vinyl ether was acting as a reagent and as a solvent. It was shown in the 
literature [225] that firstly, the obtained protected monomer is stable under anionic 
polymerisation conditions and secondly, and more important, it can easily be polymerised via 
anionic polymerisation under conditions close to the living to give linear polymers with molar 
masses not exceeding Mn = 30 000 g/mol. Under these conditions, polymers with good 
control of the molar mass and narrow molar mass distribution can be obtained.  
Linear polymers with different degree of polymerisation (DP), varying from 20 to 100 were 
prepared. The polymerisation was carried out in homogenous system, in dry THF as medium 
using potassium t-butylalcoholate (t-BuOK) as initiator. The monomer consumption upon 
polymerisation was almost complete, what was proved by gas chromatography. Important is 
also the fact that the calculated DP values of polymers corresponded well to the targeted ones, 
indicating good control of polymerisation under chosen conditions. Some characteristics are 
given in Table 6.1. 
6 Results and discussion – linear block copolymers 
Table 6.1. Molar masses of protected glycidol acetal determined by means of SEC-MALLS 
(THF, 24 h, 60 °C, initiator t-BuOK). 
Calculated from feed Mn GPC-MALLS [g/mol]  
Sample DP 
Mn  
[g/mol] 
DP 
Mn  
[g/mol] 
 
Mw/Mn
 
ACNR5 25 3700 25 3700 1,06 
ACNR3 30 4450 29 4300 1,08 
ACNR12 60 8870 55 8500 1,05 
ACNR8 70 10300 68 9900 1,02 
ACNR9 100 14700 102 15000 1,03 
The polymer structure was confirmed by 1H NMR spectroscopy (Figure 6.1.), showing the 
presence of glycidol acetal repeating units. Three groups of signals were observed. However, 
exact calculation of molar masses of synthesised polymers based on the peak integration 
could not be performed using 1H NMR spectroscopy. The signals derived from the initiator 
methyl groups and methyl groups form acetal groups overlapped, making calculation 
impossible. From 1H NMR spectra, it only can be concluded that upon this conditions 
monomer is stable and the protective groups remain unchanged.  
Figure 6.1. 1H NMR spectrum (CD3Cl, 500 MHz) of poly(glycidol acetal); ACNR5 sample. 
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For the calculation of molar masses and molar mass polydispersity indices, multi-angle light 
scattering detection in combination with size exclusion chromatography (SEC) was applied. 
According to SEC-MALLS technique, absolute values of molar masses were expected. 
However, for such kind of measurements the knowledge of dn/dc is necessary. In this work 
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the refractive index increments of synthesised polymers dn/dc were estimated in Dworak´s 
group from Polish Academy of Sciences, Institute of Coal Chemistry in Gliwice. For 
poly(glycidol acetal) the dn/dc value in THF was found to be 0,045 mL/g. 
In each case, SEC-MALLS analyses of the obtained polymers after preparation (precipitation) 
showed a very narrow distribution with low polydispersity indices (Mw/Mn < 1,1). SEC traces 
were symmetrical, with no shoulders and decrease in the elution volume was consistent with 
the increase in molar masses (Figure 6.2.). Additionally, SEC measurements of the 
polymerisation mixture just after polymerisation were also performed. Both SEC traces were 
identical without additional peaks.    
20 25 30 35
Mn=3700
Mn=4300
Mn=15000
Elution volume [mL]
Mn=8500
Figure 6.2. Examples of SEC traces in THF (RI response) of poly(glycidol acetal) from Table 
6.1, at different initial monomer to initiator concentration ratio. 
To further demonstrate the controlled character of polymerisation, kinetics experiments of 
anionic polymerisation of protected glycidol were performed. Samples were withdrawn at 
given reactions times and analysed. The monomer conversions were determined with gas 
chromatography by measurements of the residual monomer content related to internal 
standard (inactive in polymerisation p-xylene). By comparing the respective monomer and 
internal standard signal surface the monomer conversion was determined with good 
reliability. Molar masses of the samples were determined by SEC-MALLS chromatography. 
Results are presented in Figure 6.3.  
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Figure 6.3. Anionic polymerisation of protected glycidol: (A) ln[M0]/[M]=f(t); (B) Mn vs. 
conversion.  
Under these conditions, linear firsts order kinetics up to almost full conversion was obtained, 
as well as controlled molecular weights and low polydispersity indices. This indicates that the 
number of propagating active centres is constant and proved that system polymerised in 
conditions close to living.  
6.1.2. Synthesis of poly(glycidol) macroinitiators 
It is well known in the literature that the living character of polymerisations permits the 
introduction of the desired functional groups, especially polymerizable end-groups 
(macromonomers formation) [228] or converting of the growing anionically end-group into 
others capable of initiating growth of other monomer by some alternative mechanism 
(macroinitiator formation) [153].  
In principle in this work, the mentioned both strategies of synthesis were designed and 
verified in order to obtain poly(glycidol acetal) macroinitiators of controlled structure, 
suitable for further ATRP polymerisations. 
6.1.2.1. Termination of living poly(glycidol) acetal living chain with 
α−halogenopropionyl halides 
The first approach was “one-pot” synthesis based on straightforward termination of active 
centres at the end of anionic polymerisation by α−halogenopropionyl halides. Both, 
α−chloropropionyl chloride and α−bromopropionyl bromide termination agents were used to 
terminate active centre, what is schematically presented in Figure 6.4. 
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Figure 6.4. Unsuccessful macroinitiator formation. 
The main idea involved the termination of living active centres by selective substitution of 
α−halogenopropionyl halides with only one halogen atom exchange. In this way, the suitable 
ATRP moiety should be attached to the linear polymer chain obtained by anionic 
polymerisation. However, such approach failed even in case of Cl atom, which is less 
susceptible for substitution in α-position than Br [229]. The direct termination of living 
polymer chain led to coupling reaction and exchange of both halogen atoms. It was first 
confirmed by 1H NMR spectroscopy, where only poly(glycidol) acetal peaks were observed 
without any additional peaks deriving from attached halides moieties. SEC measurement 
revealed that two times higher molar masses of polymers than expected were obtained, further 
confirming occurrence of coupling reaction.  
Additionally, it was increasingly difficult to obtain stable polymers after macroanions 
termination. In all cases, in the next days gels were formed. Lowering the amount of halides 
in the termination step (excess from 1:6 to 1:2 with respect to active sites) did not improve 
stability and did not stop gelation as well. Explanation for this behaviour can be assign to 
acetal instability in acidic conditions, where even in small concentrations of acid, gelation 
occurs. The probable gelation mechanism of acetals will be discussed later (Figure 6.6.). 
6.1.2.2. Modification of  ω-hydroxyl poly(glycidol acetal) with α−halogenopropionyl 
halides  
Because of failure of previous attempts a second, alternative way presented in Figure 5.1. 
(experimental part) was performed. Formation of the macroinitiator was reached in a three 
step synthesis. As first, synthesis of ω-ended OH terminated poly(glycidol acetal) was 
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performed, followed by esterification with α-halogenopropionyl halides. As a last step, 
selective deprotection of hydroxyl group, avoiding simultaneous hydrolysis of ester bond of 
attached ATRP moieties, was performed. 
• Formation of  ω-hydroxyl poly(glycidol acetal) 
Alcoholate active centres of poly(glycidol acetal) were terminated by addition of a small 
amounts of water (0,5 molar excess in respect to active centres). Termination was confirmed 
by visual observation. After addition of water the precipitation of insoluble KOH was 
observed. Since in anionic polymerisation, corresponding counterion neutralizes the charges 
of anionically growing chains, precipitation of KOH indicates formation of ω-hydroxyl 
poly(glycidol acetal).  
• Esterification of ω-ended OH terminated poly(glycidol acetal) 
Esterification procedure was based on synthesis reported in literature [153]. The modification of 
ω-hydroxyl poly(glycidol acetal) was carried out in solution applying proper 
α−halogenopropionyl halide in presence of trimethyl amine.  
To confirm esterification, 1H NMR spectra were recorded. The signal of the methyl group 
attached to the ester carbonyl group appeared as doublet at δ = 1,7 ppm, or δ = 1,8 ppm (with 
Cl or Br moiety), respectively. However, it must be said that interpretation of obtained spectra 
in terms of full conversion of hydroxyl group at this step (before deprotection of hydroxyl 
group of glycidol), was rather problematic. In order to recalculate polymer degree of 
esterification the intensity of initiator end group was necessary. However, its peak overlapped 
with methyl group peaks from the polymer backbone. As the result 1H NMR spectroscopy 
was only used to confirm esterification of hydroxyl group of polymer backbone.  
Full esterification was confirmed using matrix-assisted laser desorption ionisation time of fly 
(MALDI-TOF-MS) mass spectrometry studies. Calculation based on MALDI-TOF-MS 
analysis yielded in repeating unit equal of value 146, what exact corresponds to mass of 
glycidol acetal unit. End group analysis of all esterified polymers confirmed full esterification 
of ω-hydroxyl poly(glycidol acetal). All found signal series were assigned to esterified 
polymer as depicted in Figure 6.5.       
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Figure 6.5. Part of MALDI-TOF-MS of esterified and non-esterified poly(glycidol) acetal 
(ACNR12).   
6.1.2.3. Hydrolysis of ω-(2-halogenopropionyl) poly(glycidol acetal) 
It was shown in the literature that the protective groups of acetal are stable in basic media, but 
can be cleaved under acidic conditions. However, the simultaneous presence of ω-ester bond 
(formed in the poly(glycidol acetal) structure after modification of ω-hydroxyl end group) 
makes deprotection of the acetal group difficult. Selective deprotection conditions, where 
protecting acetal groups will be removed quantitatively but ω-end groups will stay 
unmodified, had to be found. Additionally, the instability of acetal group in acidic media is 
prone to crosslinking and may lead to the gelation of polymers as is presented in Figure 6.6 
[230], making deprotection more complicated.  
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Figure 6.6. Scheme of possible gelation process. 
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Different methods of deportation of poly(glycidol acetal) to poly(glycidol) were already found 
and published [194, 231]. Spassky carried out the acidic hydrolysis in two ways [194]. The first 
method was two step hydrolysis with concentrated formic acid to poly(formate), followed by 
saponification with KOH in dioxane/methanol mixture in order to regenerate the hydroxyl 
groups. The second one was the direct hydrolysis by aqueous hydrochloric acid in THF. 
However, in case of hydrolysis by HCl some polymer chain degradation was reported. The 
other published methods involved hydrolysis of acetal groups by oxalic acid in acetone/water 
mixture [231] or in methanol using AlCl3 as deprotecting agent. 
All published hydrolysis conditions were applied in this work, however, beside quantitative 
hydrolysis of acetals groups, fully hydrolysis of ester bonds was also observed, as it was 
indicated by 1H NMR spectroscopy. Thus, new selective deprotection condition had to be 
found. Some of these results are listed in Table 6.2. 
Table 6.2. Optimisation of hydrolysis conditions. 
Degree of hydrolysis [%] 
 Acid [mL] Solvent [mL] Time [min]. Acetals Esters 
1. HCOOH acetone 30 100 100 
2. HCl (5%) acetone 30 80 100 
3. (COOH)2 acetone : water 60 80 100 
4. 
Conc. HCl (0,17mL/1g polym.) 
Conc. H2SO4
 Conc. or 5% CH3COOH  
THF 30 Gelation 
5. HCOOH methanol 30 100 100 
6. HCl (5%) methanol 30 80 100 
7. (COOH)2 methanol: water 60 80 100 
8. Conc. HCl (0,17mL/1g polym.) acetone 30 Gelation 
9. Conc. HCl (0,68mL/1g polymer) acetone 30 100 60 
10. Conc. HCl (1,7mL/1g polym) acetone 30 100 100 
11. Conc. HCl (0,68mL/1g polym) THF 20 100 70 
12. Conc. TFA  THF 30 100 100 
13. Conc. HCl (0,17mL/1g polym.) dioxane 30 Gelation 
14. Conc. HCl (0,68mL/1g polymer) DMF 30-45 100 5-15 
6 Results and discussion – linear block copolymers 
101 
It was found that parameters like hydrolysis time and solvents played a crucial role. However, 
the ratio of reagents (acid to acetal units) and the kind of acids influenced the reaction as well.  
It was observed that upon deprotection in protic media (methanol, water), the cleavage of the 
ester bond was more pronounced then in aprotic solvents (acetone, THF). In each case, during 
deprotection of acetal groups, simultaneous full hydrolysis of ester bonds was also observed 
(entry 3; 5-7). On the other hand, hydrolysis in aprotic solvents like acetone, THF, dioxane 
was also complicated because of insolubility of the final product (entry 1-2, 9-11). Upon 
hydrolysis in this conditions, sequential precipitation of poly(glycidol) was observed with not 
fully hydrolysed polymer, what was indicated by both 1H NMR and SEC chromatography. 
Additionally, hydrolysis sometimes led to gelation (entry 4, 8, 13).  
All described disadvantages were overcome when DMF was used as the solvent. It is an 
aprotic solvent, known as a good solvent for both protected poly(glycidol acetal) and 
unprotected poly(glycidol). However, the successful hydrolysis conditions could have been 
applied only in case of Cl-ended macroinitiator. When hydrolysis of Br-ended macroinitiator 
was performed in the same conditions, full hydrolysis of acetals as well as of ester bonds was 
observed. Probable explanation for these unexpected phenomena can be assigned to different 
reactivity of these two halogen moieties.      
In selective deprotections the kinds of acid plays also an important role. Different acids were 
investigated in combination with different solvents, what was presented in Table 6.2. 
Application of sulphuric, acetic (diluted or concentrated), diluted hydrochloric (5%) acid led 
to gels and insoluble materials (entry 4, 8). In case of trifluoroacetic acid (TFA) strong chain 
degradation was observed (entry 12). Better results were obtained when concentrated 
hydrochloric acid was used. However, once again not fully deprotection was obtained when 
hydrolysis was carried out in THF or acetone (entry 9, 11). 
Decrease of temperature also did not improve selective hydroxyl group deprotection. 
Lowering of the temperature slowed down hydrolysis and finally led to gel formation.  
Time was also varied from 15 min to 1 h. However, it was clearly observed upon hydrolysis 
in DMF or in acetone that with the time increase, cleavage of ester bonds was more 
privileged. The optimal range was found to be 30 – 45 min as a compromise between 
deprotection of acetal groups and high functionality of ester bonds at the end of polymer 
backbone.     
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Finally in case of Cl-ended moiety, the choice among investigated factors allowed to obtain a 
final degree of esterification around 85-95%, when concentrated hydrochloric acid was used 
as deprotecting agent and hydrolysis was carried out in DMF as the solvent (entry 14). Well 
matched conditions (the proper choice of stoichiometry and time), allowed selectively 
deprotect the acetal groups with almost untouched ester bond. It was confirmed by 1H NMR 
presented in Figure 6.7.  
In case of Br-macroinitiator investigation was stopped on functionality not exceeding 40% 
with not quantitive deprotection of acetal group, what can be seen in Figure 6.7c.  
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Figure 6.7. Comparison of 1H NMR spectra (500 MHz, DMSO-d6) for unfunctionalised 
poly(glycidol) (a), Cl-macroinitiator (b) and Br- macroinitiator (c).  
After removal of acetal groups, the degree of polymerisations was estimated, using intensity 
of the signal of t-butylate initiator groups. The degree of polymerisation was calculated as the 
ratio between the peak of polymer backbone protons at δ = 3,3 – 3,7 ppm and the initiators 
units at δ = 1,1 ppm. It was in good agreement with predicted values confirming full 
incorporation of initiator moiety into polymer backbone, what indicates the fast and 
quantitative initiation of potassium t-butylalcoholate initiator. Additionally, stability of the t-
butylate end group under applied hydrolysis conditions was confirmed. 
Since t-butylate initiator groups remain untouched during hydrolysis, analysis of 1H NMR 
specta also resulted in estimation of the final degree of esterification. For this calculations, the 
comparison between single protons intensity calculated from attached moiety and initiator t-
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butylate group was used. The comparison of groups intensities at the chain ends allowed to 
conclude that polymer ester bonds functionality varied from 85 to 95%, what is presented in 
Table 6.3.  
It should be also added that the intensity of end groups signals is much more lower then the 
intensity of the polymer backbone signals, what can considerably influence the calculations of 
degree of esterification. For instance presence of small amount of un-hydrolysed acetal groups 
in the polymer structure can increase the intensity of one proton calculated from initiator 
group (overlapping of the signals). As the result the calculated degree of esterification can be 
lower then it really is.  
Table 6.3. Degree of esterification of synthesised macroinitiators.   
Degree of esterification  [%] 
Sample 
Before * After hydrolysis ** 
PGl25–Cl 100 95 
PGl55–Cl 100 90 
PGl100–Cl 100 85 
PGl25–Br 100 40 
* before by means of MALDI-TOF-MS analysis;  
** after by means of 1H NMR spectroscopy. 
However, not complete functionality of macroinitiators was visible by means of MALDI-
TOF-MS analysis presented in Figure 6.8. Two distribution were observed where despite of 
main functionalised macroinitiator distribution, second driving from un-functionalised 
poly(glycidol) was detected.       
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Figure 6.8. Part of MALDI TOF spectrum of PGl55–Cl macroinitiator.  
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6.2.  Synthesis of temperature sensitive block copolymers via atom transfer 
radical polymerisation (ATRP) by the macroinitiator technique 
One of aims of this dissertation was the preparation of temperature sensitive core-shell 
microgels utilizing a combination of self-assembly phenomena and controlled crosslinking of 
generated assemblies. Therefore, the main strategy was the synthesis of amphiphilic, 
temperature sensitive, well-defined diblock copolymers and investigation of their (stimuli 
sensitive) properties. Poly(N-isopropylacrylamide, PNIPAM) was chosen as a hydrophobic 
block because of its thermosensitivity. For the hydrophilic part, poly(glycidol) was chosen 
because of its high water solubility and possibilities for further modifications [232].  
Such copolymers forms aggregates upon increase of the temperature. The part of the 
copolymer, which becomes hydrophobic upon stimulus tries to avoid contact with water and 
forms the core of the core-shell structure. Additionally, interchain crosslinking between 
polymer chains within the hydrophobic domain of polymer aggregates was performed, where 
conjunction points were formed by introduced chromophore moieties upon UV-irradiation. 
The synthetic methods for the preparation of well-defined diblock copolymers are widely 
studied. Traditionally, block copolymers are prepared by the sequential polymerisation of 
different monomers, using the same chemistry (i.e., two anionic procedures) or by coupling of 
functional polymers. However, the yield of polymer connection with each other via functional 
group is often low, due to shielding of functionalities by long polymer chains. On the other 
hand, a sequential addition of monomers does not solve the difficulty of monomers system 
which are polymerised by different chemistries, i.e. anionic or free radical procedures in case 
of PNIPAM. Due to the presence of nitrogen-bound hydrogen in the pendant group of 
monomer (acidity), PNIPAM can only be produced by radical polymerisation. To overcome 
this limitation in polymerisation techniques, initial living anionic polymerisation of first 
monomer was followed by the transformation reaction to convert the propagating centre from 
anionic to suitable for atom transfer radical polymerisations (ATRP) [145]. Additionally, the 
development of new functionalised macroinitiators open route to new class of well-defined 
linear block copolymers. 
6.2.1. Synthesis of PGl-b-PNIPAM block copolymers 
Initially ATRP polymerisations of NIPAM initiated by poly(glycidol) macroinitiators, was 
carried out under identical conditions as presented in literature [227]. However, very high 
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viscosity of the polymerisation mixture followed by strong exothermic effect was observed 
almost immediately after onset of the polymerisation. The shape of SEC traces for 
copolymers prepared by this way were broad and bimodal indicating lack of the control in the 
polymerisation system. It was assigned to inefficient exchange between dormant and active 
form of the polymer chain caused by sudden increase of viscosity. It was reported that in case 
of acrylates, which are known as monomers with high polymerisation rate constants, such an 
increase in viscosity has to be avoided if good control of the polymerisation is required [214].  
In order to improve PGl-b-PNIPAM block formation homopolymerisation of NIPAM was 
studied. Some homopolymerisation of NIPAM were performed in twice diluted mixtures than 
initially applied by Giacomelli et al. [227]. The reaction time also was increased to 6 h. 
Polymers with different molar masses were obtained. In each case, high conversion of 
monomer (95-99%) was obtained and molecular weights were in good agreement with 
targeted ones. The SEC traces were symmetrical without any additional shoulders. 
Additionally, the polydispersity indexes were low Mw/Mn < 1,2, with exception of low 
molecular weight polymer of Mn = 2960 g/mol, where Mw/Mn reached 1,4. But since higher 
polydispersities for shorter chain are expected in ATRP (higher initial concentration of 
initiator in the system), such implication could be expected. Data are listed in Table 6.4.     
Table. 6.4. Homopolymerisation of PNIPAM.  
SEC MALLS 
Sample Mn targeted 
Mn [g/mol] Mw/Mn
PNIPAM26 2000 2960 1,40 
PNIPAM60 5000 6750 1,20 
PNIPAM90 10000 10000 1,05 
PNIPAM180 20000 20500 1,05 
Block copolymerisation of poly(glycidol) with NIPAM was thus carried out in more diluted 
solution, where homopolymerisation of this monomer was controlled. Block copolymers with 
different PGl/NIPAM molar ratio were synthesised. For example, as a macroinitiator PGl with 
DP = 55 (Mw/Mn = 1,1) and with degree of esterification of 90 % was used. Successful 
copolymerisation was confirmed by means of 1H NMR spectroscopy, where peaks deriving 
from poly(glycidol) segment and the new signals assigned to PNIPAM structure were found. 
The molar ratio of both blocks was calculated. Since the DP of poly(glycidol) macroinitiator 
was known before polymerisation the calculation of DP of PNIPAM block was possible. The 
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molar masses estimated from 1H NMR were in good agreement with targeted one and are 
presented in Table 6.5.  
Since the dn/dc values should be measured for each polymer separately, estimation of 
absolute molar masses by SEC-MALLS measurements of block copolymers was problematic. 
However, for obtained PGl-b-PNIPAM copolymers dn/dc values were calculated based upon 
1H NMR data using the additive equation 6.1., presented below [233]:  
B
B
A
A dc
dnw
dc
dnw
dc
dn ⎟⎠
⎞⎜⎝
⎛+⎟⎠
⎞⎜⎝
⎛=                                                           (6.1.) 
where wA and wB are mass fraction of pure polymers PNIPAM and poly(glycidol) and 
(dn/dc)A and (dn/dc)B their refractive index increments in DMF, respectively. Values of dn/dc 
in DMF were found to be 0,055 mL/g for pure poly(glycidol) and 0,0748 mL/g for PNIPAM, 
respectively. The molar masses of measured copolymers are gathered in Table 6.5.  
Table 6.5. The molar masses of obtained PGlx -b-PNIPAMy block copolymers. 
Targeted Obtained from NMR 
Measured by 
SEC MAALS Sample 
DPNIPAM Mn* DPPGl DPNIPAM Mn* Mn* Mw/ Mn
PGl55PNIPAM55 55 10300 55 55 10300 20 000 1,7 
PGl55PNIPAM110 110 16500 55 110 16500 31 500 1,4 
PGl55PNIPAM170 165 23300 55 170 23300 38 000 1,3 
PGl55PNIPAM350 350 43600 55 350 43600 62 650 1,2 
* molar mass of obtained block copolymers of poly(glycidol) and PNIPAM 
In each case, in comparison to poly(glycidol) macroinitiator, the broadening of molar mass 
distribution was observed, where this effect was more pronounced of copolymers with short 
PNIPAM chains (equal PGl/NIPAM ratio, Mw/ Mn = 1,7). This behaviour was similar to 
tendencies observed in case of low molecular weights homo-PNIPAM synthesis and indicates 
that there is some perturbation in the polymerisation system. It is believed that the main 
reason for this polydispersity increase is too high concentration of active polymerising 
polymer chains. However, as ATRP is a complex process based on several elemental 
reactions and full success depends on controlling all of them the other factors like 
heterogeneity, macroinitiator steric hindrance effects can not be completely excluded. 
On contrast to homopolymers, molar masses measured by SEC MALLS of obtained block 
copolymers were higher than the targeted values or calculated from 1H NMR. The 
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disagreement was the highest for copolymers with short PNIPAM block. This increase of 
molar mass values may be caused by few factors. As first often in cases of PNIPAM and its 
derivatives size exclusion chromatography may be complicated. The solutions of its polymers 
are viscous and probably due to PNIPAM aggregation, which can take place when solid 
dehydrated polymer is dissolved, the molar masses measured by SEC are much higher then 
expected [234]. Secondly, as it was mentioned, the polydispersity indices of polymers were 
higher then should be obtained for controlled polymerisation conditions. The broadening of 
distribution may be followed by an increase of weight average molar mass. Additionally the 
dn/dc values use for Mn determination were calculated not measured, what especially in case 
of broad distributed block copolymers, where not only distribution of molar mass but also 
distribution of composition occurs, can lead to incorrect values. However, the first mentioned 
factor seems to play the most important role. 
6.2.2. Properties of PGl -b-PNIPAM block copolymers in condensed phase 
In order to investigate the influence of incorporated poly(glycidol) on PNIPAM segment 
properties thermal analysis were performed. The obtained results for poly(glycidol)-poly(N-
isopropylacrylamide) copolymers of different composition are presented in Figure 6.9. 
The homopolymer of NIPAM is known in literature as relatively thermally stable polymer, 
with glass temperature of 145°C [12]. On the other hand, according to our knowledge, Tg of 
low molar mass poly(glycidol)s (molecular weight below 15 000 g/mol) never have been 
reported. Thus, calorimetric measurements of poly(glycidol) were performed for samples with 
Mn = 2000 and 5000 g/mol. Scanning range was varied from -20 to 80 °C, however no glass 
temperature was found, suggesting that these polymers at room temperature are above their Tg 
in rubber state. It was then expected that poly(glycidol) should work like a plasticizer and Tg 
of block copolymers should be lower then the Tg of PNIPAM block.  
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Figure 6.9. Influence of poly(glycidol) content 
on Tg values of PGl-b-PNIPAM copolymers. 
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The block copolymers, showed a single Tg, where with increasing poly(glycidol) content in 
the polymer structure, very strong decrease in Tg was noticed (Figure 6.9.). For polymers with 
equal PGl/PNIPAM ratio even 60 °C lower, in comparison to PNIPAM homopolymer, Tg 
value was measured. Additionally, detection of only one Tg and lowering of its value 
confirmed that the samples are not mixtures of two homopolymers, but consist of block 
copolymers. 
6.2.3. Amphiphilic properties of PGl-b-PNIPAM block copolymers 
It is known, that with 1H NMR methods dynamic information about local segmental mobility 
can be obtained [48]. Such data are complementary to structure of the polymer in the solution. 
Thus, 1H NMR spectroscopy was used to show the amphiphilic properties of PGl-b-PNIPAM 
copolymers resulting in formation of aggregates with core-shell structure in selective solvents.  
The amphiphilic properties of block copolymers were presented in two experiments. In the 
first method temperature sensitive properties of PNIPAM segments were used. When the 
temperature is lower than ∼32 °C, PNIPAM chains are hydrophilic and soluble in water. At 
temperatures above the cloud point PNIPAM become hydrophobic and collapses into 
molecular globule [12]. As the result in case of PGl-b-PNIPAM block copolymers, a simple 
increase of temperature above phase separation should induce “coil-to-globule” transition, 
followed by the formation of colloids with the collapsed hydrophobic PNIPAM core, 
surrounded by hydrophilic poly(glycidol) shell.  
In Figure 6.10, 1H NMR spectra below (blue curve) and above (red curve) phase separation 
temperature are shown. As expected above phase separation, no signals of the PNIPAM 
segment were observed. Since PNIPAM undergoes phase separation, “solid” signals of 
PNIPAM were decaying to fast to be detected and only signals from poly(glycidol) can be 
seen, confirming amphiphilic properties of block copolymers.    
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Figure 6.10. 1H NMR spectrum of the PGl55-b-PNIPAM170 copolymer in D2O solution at 
temperatures below phase separation (blue) and above phase separation (red). 
Similar selective solubility can be observed in another approach. PNIPAM is well-known to 
be soluble in a variety of organic solvents. On contrary to PNIPAM segments, poly(glycidol) 
is only soluble in polar solvents like water, low alcohols, DMF or DMSO. By simple 
switching of the solvent from good for both blocks (water under cloud point) to selective, i.e. 
good one only for PNIPAM block (acetone), these amphiphilic properties easily can be seen 
(Figure 6.11). In water at low temperatures signals from both blocks are visible where in 
acetone, non solvent for poly(glycidol) part, only PNIPAM signal remains. The core-shell 
structure is formed, however this time insoluble poly(glycidol) block forms core surrounded by 
PNIPAM shell. 
  
 
Figure 6.11. Part of 1H NMR spectrum of 
PGl55-b-PNIPAM170 block copolymer in 
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In both cases, the soluble block prevents the precipitation of aggregates from the solution. 
However, the solution becomes slightly turbid because the bad solvent does not penetrate the 
insoluble core of aggregates (“solid” state from the point of view of the NMR spectroscopy). 
6.2.4. Temperature sensitive properties of PGl-b-PNIPAM block copolymers 
The phase separation temperatures of PGl-b-PNIPAM block copolymers were determined 
using different methods: differential scanning calorimetry (DSC), which provided insight into 
the thermodynamic parameters of phase separation, UV-VIS spectrophotometry and light 
scattering techniques (DLS and SLS),where more detailed information on molecular level 
may be achieved. 
6.2.4.1. DSC measurements 
The influence of the poly(glycidol) content in copolymers on thermal-responding properties 
of block copolymers was first investigated by means of DSC. Poly(glycidol) is much more 
hydrophilic than PNIPAM and is water soluble in the whole range of temperature (0-100 °C). 
Thus, in case of the block copolymers of PGl-b-PNIPAM the shift of the phase separations 
temperatures to higher values, in comparison to pure PNIPAM, were expected. Additionally, 
in case of investigated block copolymers, differences not only in phase separation 
temperature, but also change of enthalpy value were supposed to be noted.  
The values of transition heat required for the breaking of hydrogen bonds formed by PNIPAM 
chains and water was measured. Since phase separation temperature is usually dependent on 
volume fraction of polymer, therefore it is concentration dependent. Thus, the polymer 
concentration over a range 0,5-5 g/L was investigated. However, it was observed that changes 
of concentration only slightly affected the value of phase separation temperature (Table 6.6.).   
Table 6.6. Influence of concentration on phase separations temperatures of block copolymers. 
Concentration 
5 [g/L] 2,5 [g/L] 1 [g/L] 
Sample 
Tmax 
[T°C] 
Tonset 
[T°C] 
∆ H* 
[J/mol] 
Tmax 
[T°C] 
Tonset 
[T°C] 
∆ H* 
[J/mol] 
Tmax 
[T°C] 
Tonset 
[T°C]
∆ H* 
[J/mol] 
PGl55PNIPAM55 42,0 35 152 40,9 37 160 43,0 37,4 156 
PGl55PNIPAM110 38,4 34,4 220 38,2 34,9 236 39,6 35,2 210 
PGl55PNIPAM170 37,1 34,9 268 37,2 34,8 270 38,2 35,0 270 
PGl55PNIPAM350 36,2 34,4 278 35,9 35,9 300 36,0 34,5 276 
* values calculated on 1 mol of PNIPAM in the sample  
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Such fundamental DSC parameters like Tonset, Tmax, calorimetric enthalpy were only very 
slightly concentration dependent. For example, for sample PGl55-b-PNIPAM170, the maximum 
of endothermic peak appeared at 38,3 °C; 37,2 °C and 37,1 °C on thermograms of polymer in 
concentration 1 g/L, 2,5 g/L and 5 g/L, respectively. Moreover, the onset of phase separation 
temperature was always found in range 34,7-35,5°C. Taking into account the rather small 
differences in phase separation temperatures for one sample at different concentrations 
compared to other error producing factors, further experiments were carried out only at 
polymer concentration of 5 g/L applying the heating rate 5 °C/min. Additionally, the DSC 
sample size is very small and the efficiency of heat transfer is very efficient, avoiding a delay 
in response. Basing on this information, all the established approximations can be accepted. 
The DSC thermograms obtained for the copolymers of different composition are presented in 
Figure 6.12.  
30 40 50
 T [°C]
 PGl55PNIPAM350
 PGl55PNIPAM170
 PGl55PNIPAM110
 PGl55PNIPAM55
 
Figure 6.12. Influence of poly(glycidol) content on shape of endotherm of PGl-b-PNIPAM 
copolymers (DSC thermograms recorded at c = 5 g/L). 
The critical temperatures for the investigated samples were calculated as the maximum of the 
endothermic peak of the heating thermogram. Taking into account the phase separation 
temperature of pure PNIPAM around 32-33 °C [12], a relatively strong influence of 
poly(glycidol) on the phase separation temperature of block copolymers was observed, where 
for PGl55PNIPAM55 the Tc was 43 °C. The phase separation temperature was increasing with 
increase of the poly(glycidol) content in the copolymer structure. It gives the opportunity to 
design the block copolymers of more or less desired phase separation temperature values. 
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 Also very interesting is the shape of thermograms presented in Figure 6.12. Clear, sharp and 
narrow endotherm were obtained for copolymers containing low poly(glycidol) amount 
(molar ratio PGl/PNIPAM = 1/6 or 1/3). With increase of poly(glycidol) content, the 
endotherm shifted to the higher values and the peak became broad and diminished. However, 
similar phenomenon was reported by Shibayama et al. as poly(ethylene oxide) was used as 
hydrophilic block [235-236]. Such behaviour was explained in terms of perturbation in 
hydrophobic interactions upon phase separation. Hydrophilic comonomer units may decrease 
the propensity for hydrophobic association of isopropyl groups of PNIPAM segment, thus 
leading to broader phase separation that occurs at higher temperatures. 
6.2.4.2. UV-VIS measurements 
UV-VIS measurements were performed as well to determine cloud points of block 
copolymers. However, on contrary to DSC, size of the measured sample is bigger and the 
efficiency of heat transfer is less efficient. Additionally, since the macromolecular transition 
from hydrophilic to hydrophobic is responsible for aggregation and subsequent collapse of the 
block, this process requires certain amount of time. Too fast rise of the temperature may result 
in less sharp transition and too high values of cloud point are estimated. Therefore, for 
practical reasons, slow heating rate with longer incubation times left for stabilization of 
temperature must be applied. Moreover, upon transmittance measurements, the 
spectrophotometer can only detect particles larger than the scanning wavelength and detection 
is strongly depended on particles size. Since measurements are depended on size, are also 
correlated to the polymer concentration. Because of this challenges, absorbance 
measurements were made with sample concentration 1 g/L with heating rate 0,2 °C/min-1 and 
stabilized in settled temperature for 15 min. 
The wavelength was changed from 900 to 200 nm, what is presented in Figure 6.13 a. At 
temperature below phase separation down to λ = 300 nm wavelengths no absorbance was 
detected. However, above this value very sharp increase of absorbance was noticed, making 
correct absorbance changes measurements more complicated. A stepwise increase of the 
temperature up to 55 °C resulted in the increase of the sample turbidity and higher absorbance 
of the polymer solution especially in the range 300 – 500 nm. Thus, in order to determine the 
cloud point of the block copolymers the change of absorbance in temperature was plotted at 
wavelength λ = 350 nm. The example is presented in Figure 6.13 b.   
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Figure 6.13. UV-VIS absorbance curves of PGl55-b-PNIPAM170 copolymer at the wave range 
200-900 nm (a) and at λ = 350 nm (b). 
A sharp increase in the absorbance of the sample around the critical temperature of the 
polymers indicated collapse and phase separation of PNIPAM blocks. For each sample, 
change in absorbance can be divided into three stages: (1) when temperature increases from 
room temperature to ∼34 °C and the measured absorbance remains almost constant; (2) range 
∼ 34-37 °C (depending on the sample composition) in which the PNIPAM backbone 
undergoes coil to globule transition and aggregates, sample becomes slightly turbid and rapid 
increase of absorbance occurs; (3) range at temperatures higher than 35-36 °C when all 
PNIPAM chains are already collapsed and further increase of temperature effects the 
absorbance slightly.  
In terms of estimation of phase separation temperature the range (2) is of the major 
importance. The transition temperature was estimated graphically where phase separation 
temperature was understood as projection of crossover point on “X” axis, between of the 
baseline of absorbance and the extrapolated line of the curve slope, what is schematically 
presented in Figure 6.13 b.Using such method the onset temperature was estimated. 
As in case of DSC, similar tendencies were observed in UV-VIS measurements; the shorter 
the PNIPAM block in the copolymer, the stronger the shift of cloud point to higher values. In 
Figure 6.14 comparison of the transitions temperatures for block copolymers obtained from 
DSC (squares) and UV-VIS (circles) is presented, where this time the onset value of cloud 
point determined by DSC were used. As it can be seen, the phase separations temperatures 
estimated using this different methods are relatively in good agreement and correlated to each 
other. The differences in estimation of Tc by these two methods are less than one degree and 
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derive from the fact that the different factors are measured by these two methods: the 
transition heat in case of DSC and absorbance by UV-VIS. As it was mentioned by UV-VIS 
are measured only particles with the size higher then the wavelength. Additionally, the good 
correlation between results obtained by these two techniques suggests also that conditions of 
UV-VIS measurements were well chosen. 
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Figure 6.14. Influence of poly(glycidol) content of PGl-b-PNIPAM block copolymers on the 
onset values of phase separation temperatures, obtained by UV-VIS (squares), and DSC 
(circles).   
6.2.4.3. DLS measurements 
More detailed information about the behaviour of the polymer in the transition from the coil 
to globule state can be directly viewed when dynamic light scattering measurements are 
performed. Because of the fact that at the molecular level the phase separation of the 
temperature sensitive polymers is understood as a change from hydrated random coil to 
hydrophobic globule [57] the variation of Rh vs. temperature and its sharp increase upon 
heating, indicated by sharp increase of the scattered light intensity, can directly show the 
transition process. From the change of the hydrodynamic radius of the polymers phase 
separation temperature can be determined.  
In Figure 6.15 the temperature dependence of hydrodynamic radius distribution of  PGl55-b-
PNIPAM 170 in water solution is shown. At 30 °C, which is slightly lower than Tc of polymer 
indicated by previous measurements, only one distribution peak located at ∼8 nm ranges. 
Upon heating to 32 °C another peak at ∼32 nm appears, reflecting onset of the aggregation of 
PNIPAM chains. It is understandable that the area of the first peak decreases and the second 
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peak (the aggregates) increases at higher temperature (35 °C, blue colour). Further 
temperature increase, resulted in formation of bigger aggregates with final Rh value 
approximately 100 nm. Since the aggregation of individual chains with different molar 
masses is an averaging process, the aggregate size destinations narrower than measured at 
temperatures under Tc (curve at 40 °C or 43 °C, respectively)      
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Figure 6.15. Temperature dependence of the hydrodynamic radius distribution f(Rh) of  
PGl55-b-PNIPAM170; c = 1 g/L at θ = 90 °. 
To get more detailed information about the variation of the hydrodynamic radius upon 
heating, the DLS measurements were performed for all synthesised block copolymers. In the 
Figure 6.16 are shown temperature dependencies of hydrodynamic radius of PGl-b-PNIPAM 
block copolymers with relatively long PNIPAM segments (molar ratio of PGl/PNIPAM = 1/6 
or 1/3) in the heating-cooling process in water, in step-by-step heating-cooling runs. It should 
be added that the measurements were carried out as followed: when the temperature reached 
the desired value samples were left for additional 15 min and then the hydrodynamic radius 
was measured at θ = 90°. The described way of heating will be later called faster heating.    
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Figure 6.16. Temperature dependence of the average hydrodynamic radius Rh of PGl-
PNIPAM block copolymers in water, c =1g/L at θ = 90 °. 
In heating runs (circles) similar three characteristic areas can be found. When the temperature 
was lower than Tc, the solution contained only the structures of Rh  ∼ 10 nm, the PNIPAM 
segments remained hydrophilic. When temperature came closer to phase separation 
temperature, PNIPAM becomes gradually hydrophobic, individual polymers started to 
aggregate to form larger and larger particles until certain sizes were reached. A sharp increase 
from 10 to 98 nm was noted. It is important to state that Rh in the third stage, at “high” 
temperature range (above 40 °C), after reaching plateau, became almost unchanged and 
independent to further temperature increase. No change of Rh and scattering intensity were 
observed even after the polymer solution was kept at that temperature for additional 3h. This 
observation indicated two facts: firstly that copolymers reached the fully collapsed globular 
state, secondly that formed particles were stable at higher temperatures. Since microgels 
based on these copolymers should be formed above Tc, such behaviour was desired. 
In Figure 6.16 for both investigated copolymers, the dependence of Rh from temperature in 
the cooling process is also presented. The profile is similar to the heating run with exception 
that at lower temperatures range under Tc (33°C- 20°C), higher Rh value in comparison to 
heating run was observed, revealing the small hysteresis. The time to reach exactly the same 
state in heating vs. cooling processes was different, where for block copolymers with higher 
PNIPAM content (Figure 6.16. a), the hysteresis effect was less pronounced. The difference in 
the heating and cooling behaviour shows that coil-to-globule transition of the PNIPAM 
segment is slow, however fully reversible (next day). It should also be pointed out that when 
the measurement was performed on the next day (one green triangle in Figure 6.16), return to 
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initial state was observed and all the intrachains structures were dissolved to give initial value 
of Rh ∼10 nm.   
The hysteresis upon heating-cooling processes of block copolymers was already reported 
where coil-to-globule transition of the homopolymer was investigated [57]. The authors 
attributed this phenomenon to formation of some intrachain structures via intrachain hydrogen 
bonding in the globular state.  
When DLS measurements were performed for samples with short PNIPAM chains (ratio 
PGl/PNIPAM=1/2 or 1/1) (in identical way as described above), different results were 
obtained, revealed that these copolymers followed different collapsing process (Figure 6.17). 
The hydrodynamic radius value reached an unexpected maximum at phase separation 
temperature and then decreased upon heating reaching a plateau at lower Rh values.  
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Figure 6.17. Temperature dependence of the average hydrodynamic radius Rh of PGl55-
PNIPAM110 (red symbols) and PGl55-PNIPAM55 (blue symbols), c = 1g/L at θ = 90 °.  
The similar effect was observed by Wu group for PNIPAM-g-PEO copolymers [237]. By 
combination of DLS and SLS measurements, the authors assigned this different behaviour to 
competition between intra- and interchain interactions which appear in PNIPAM block. They 
concluded that upon heating, for short polymer chains, the interchain aggregation occurs as 
first and stops at some level because the ionic repulsions between deferent particles stabilizes 
the aggregates. As the result the molar masses of the aggregates measured by SLS were 
constant. However, the intrachain collapse continued and hydrodynamic radius of the 
aggregate was decreasing until it reached some constant value. In contrary, for relatively long 
polymer chains before reaching the phase transition temperature, water gradually becomes a 
poor solvent, so that individual chains undergo an intrachain collapse at phase transition 
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temperature. Additionally, the intrachain collapse and the interchain aggregation are expected 
to occur simultaneously because the overlap concentration for longer chains is lower.  
The mentioned different aggregation process can be also expected in case of PGl-b-PNIPAM 
copolymers of different compositions. In case of blocks with longer PNIPAM chains stable 
aggregates with fully collapsed PNIPAM core were formed probably much faster under 
applied measurements conditions. With temperature increase typical heating curve was 
recorded with a characteristic plateau of hydrodynamic radius value above phase separation 
temperature (Figure 6.16). However, in case of copolymers with short PNIPAM chains, 
different behaviour was noticed. Upon heating, Rh value reached maximum at temperature 
slightly higher than Tc and started to decrease, when sample was further heated. Since 
aggregation is a dynamic process, the decrease in hydrodynamic radius with increasing 
temperature may be caused by the fact that a too short time was used to reach stable 
aggregates. The dynamic process was still running in the aggregates, as a result of not full 
collapse of PNIPAM cores. These two different aggregation mechanisms related to polymer 
length are presented schematically below (Figure 6.18). 
• Long PNIPAM chains 
Temp. Time 
Temp.  
Time 
• Short PNIPAM chains 
Poly(glycidol) PNIPAM
T = Tc T < Tc T > Tc 
Temp.  
T = Tc T > Tc 
 
Figure 6.18. Scheme of aggregations in respect to PNIPAM chains length: for short chains 
(interchains collapse followed by intrachain aggregation); for long chains (simultaneous intra- 
and interchain aggregation).     
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Such mechanism was confirmed by multiangle DLS measurement. The samples were left at 
temperature slightly above Tc, until scattering intensity remained unchanged (indicates all 
dynamic processes in the sample were already ended). That kind of heating will be later called 
slower heating. Thus, these measurements, in contrast to previous one, required much more 
time, because samples must have been left for at least few hours at temperature slightly higher 
then Tc. The obtained results are presented in Figure 6.20. 
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Figure 6.19. Temperature dependence of the average hydrodynamic radius Rh of PGl55-
PNIPAM55 and PGl55-PNIPAM110 in heating (filled symbols) and cooling run (open symbols). 
Typical three stages process was observed: first at T < 36 °C slightly change in Rh appears; 
second period coil-to-globule transition (very sharp transition within 1-2°C can be observed) 
and third, at T ∼ 38 °C plateau, Rh become unchanged upon heating. This time no maximum 
value of hydrodynamic radius was measured at temperatures close to phase separation 
temperature. Additionally, the presence of hysteresis in the cooling and heating runs indicates 
that the coil-to-globule transition of block copolymers is a slow but reversible process, 
indicating deformation of intra chains structures, presumably the intrachain hydrogen bonding 
in the globule state. When the polymer solution was cooled down and left to the next day, the 
return to the initial structure was observed.    
By different heating rates, for copolymers with shorter PNIPAM chains, additional important 
characteristic features can also be observed. First of all, under slower heating rate conditions, 
with sufficient time left for establishment of equilibrium, the aggregates formed from blocks 
with short PNIPAM chains were larger then obtained under faster heating rate (see Figure 
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6.17). It confirms that the aggregation of block copolymers obtained from copolymers with 
shorter PNIPAM chains proceed as follows: first intrachain collapse followed by interchain 
aggregation occurs. In faster heating processes, individual copolymer chains have less chance 
to aggregate with each other before they are collapsed into individual globules. As the result 
particles with smaller diameters were obtained upon faster heating (see Figure 6.17. and 6.18). 
According to all this data presented above it can be concluded that PGl-b-PNIPAM 
copolymers can form stable aggregates in water at temperatures higher than phase separation 
temperature. For a given chain compositions, different aggregate sizes were observed 
depending on the copolymer structure and applied heating rate. A comparison of heating-
cooling runs for higher PNIPAM content revealed that there exists a small hysteresis 
indicating that the aggregation process is slowly reversible. Phase separation temperature 
dependency upon composition was also presented, where the value increases as the PNIPAM 
content decreases.       
6.2.4.4. SLS measurements 
The thermal behaviour of PGl-b-PNIPM block copolymers was also investigated by static 
light scattering (SLS) measurements. The radius of gyration at different temperatures was 
estimated. Figure 6.20 depicts the results obtained from diluted solutions, where sample were 
heated to the targeted temperature, conditioned for 15 min and measured. Measurements were 
performed until no changes in scattering intensity were observed.  
The behaviour is similar to that observed during DLS measurements upon heating. At low 
temperatures values, scattering light intensity P(q) and Rg was nearly independent on 
temperature, while abrupt increase of P(q) and Rg at Tc was noticed, clearly indicating 
interchain aggregation of polymer chains. However, this time no maximum of Rg was 
observed for polymers with short PNIPAM chains as well as with long PNIPAM chains, 
confirming that the number of the polymer chains forming the aggregate remains unchained 
upon further heating of the sample. Taking into account results obtained during DLS 
measurements the proposed in Figure 6.18. aggregation mechanism seems to be correct. The 
molar masses of aggregates were not calculated because of the lack of dn/dc value of 
copolymers in water. 
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Figure 6.20. Variation of radius of gyration for PGl-b-PNIPAM copolymers. 
The shapes of the obtained particles can be estimated using ρ parameter as the Rg/Rh ratio. For 
copolymers with long PNIPAM chain it was found to be close to the value 0,77, which was 
experimentally found for uniform sphere [37-38]. That indicates formation of spherical 
aggregates by these copolymers. Additionally, for PGl55-b-PNIPAM170 data were recalculated 
to estimate so-called Kratky-plot. Experimentally determined P(q) function of aggregates at 
45 °C is shown in Figure 6.21. The intensity scattering function was plotted in the graph with 
theoretical curves for different polymer architecture [37-38]. The results indicates that 
aggregates exhibit “soft sphere” behaviour i.e. structure of high symmetry. Nevertheless, the 
error of such kind of measurements is high.  
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Figure 6.21. Kratky-plot of PGL55PNIPAM170 at 45 °C. 
In case of the copolymer PGl55-b-PNIPAM55 with short PNIPAM chain ρ value was much 
lower value then 0,77, what indicates formation of aggregates of other shape. 
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6.3. Syntheses of PGl-b-(PNIPAM-r-DMIAAm) photocrosslinkable 
copolymers 
As it was shown at elevated temperatures, collapsed PNIPAM cores were surrounded by 
hydrophilic poly(glycidol) shell, acting like spatial stabilizers during collapse and 
aggregation. The stabilization of the aggregates deriving from the copolymer structure itself 
combined with possibility to control crosslinking density of the core of aggregates seems to 
be the promising direction in formation of microgels in surfactant free systems. Thus, the 
incorporation into polymer structure of the well-known amount of photocrosslinkable 
chromophore can result in well-defined photocrosslinkable prepolymers, with random 
distribution of crosslinking points. This will be the theme of the following chapter. 
6.3.1. Synthesis of PGl-b-(PNIPAM-r-DMIAAm) 
As the chromophore, which was incorporated into PNIPAM chain N-substituted 
dimethylmaleimide, 2-(dimethyl maleinimido)-N-ethyl-acryl amide (DMIAAm) was used. It 
was chosen because of few facts. Firstly, copolymerisation of DMIAAm with PNIPAM was 
reported [238]. The authors estimated the reactivity coefficients of this two monomers to be r 
NIPAAM = 1,45 and rDMIAAm = 1,33. As the ratio rNIPAAM / rDMIAAm is almost one, the 
copolymerisation of this two moieties should lead to uniform random copolymers. Thus, 
precise incorporation of desired amount of chromophore should be possible. Secondly, it is 
known from literature that N-substituted dimethyl maleimides undergo [2+2]-cycloaddition 
under exposure to UV-light and stable dimers can be obtained [239-240]. Therefore, in proper 
conditions the crosslinking of photocrosslinkable copolymers toward tree-dimensional 
network should be possible. Additionally, most of photocrosslinking reactions of microgels 
formation were performed with strong hydrophobic chromophores [1], what always caused a 
strong decrease in phase separation temperature. It is expected that less hydrophobic 
DMIAAm, should not affect hydrophilic-hydrophobic balance so strongly, without significant 
influence on PNIPAM transition temperature value.  
The copolymerisation reactions were performed with desired amounts of added chromophore. 
In order to obtain final microgels with different swelling properties (crosslinking density, 
desired volume phase separation temperature etc.), the amount of chromophore was varied. 
The molar percentage of chromophore was calculated on the basis of PNIPAM block length 
where 2 mol-% was found as a minimum in order to obtain tree-dimensional network. 
6 Results and discussion – linear block copolymers 
123 
The photocrosslinkable PGl-b-(PNIPAM-r-DMIAAm) copolymers were prepared in 
analogous way, as used in case of PGl-b-(PNIPAM) copolymers. ATRP conditions were kept 
the same and the synthesis has also proceeded at room temperature, in water/DMF mixture 
(1:1 v/v), with CuCl –Me6TREN catalysts system. Many factors like the macroinitiator 
length, amount of chromophore and molar ratio between poly(glycidol) macroinitiator and 
NIPAM in the reaction mixture were varied. Results are listed in Table 6.7.  
Table 6.7. Synthesis conditions of PGl-b-(PNIPAM-r-DMIAAm) photo-copolymers. 
 1H NMR spectroscopy By SEC MALLS 
Sample DPPGl
Targeted 
DPPNIPAM DPPNIPAM
DMIAAm* 
mol-% 
Mn 
[g/mol] 
Mn 
[g/mol] 
Mw/Mn
PGl55-b-(PNIPAM-r-
DMIAAm5,2)110
55 110 110 5,2 17600 40000 1,6 
PGl55-b-(PNIPAM-r-
DMIAAm4,7) 160
55 165 160 4,7 23000 40000 1,5 
PGl55-b-(PNIPAM-r-
DMIAAm4,9) 340
55 330 340 4,9 45800 69700 1,5 
PGl55-b-(PNIPAM-r-
DMIAAm9,0) 170
55 165 170 9,0 26200 45000 1,6 
PGl55-b-(PNIPAM-r-
DMIAAm9,0)280
55 330 280 9,0 42400 53000 1,5 
        
PGl100-b-(PNIPAM-
r-DMIAAm2,0) 190
100 200 190 2,0 30000 35400 1,4 
PGl100-b-(PNIPAM-
r-DMIAAm5) 210
100 200 210 5,0 33000 36 000 1,6 
PGl100-b-(PNIPAM-
r-DMIAAm5,5) 320
100 300 320 5,5 42400 73000 1,4 
PGl100-b-(PNIPAM-
r-DMIAAm4,9)520
100 600 520 4,9 72000 96900 1,3 
* molar ratio according to PNIMAM segment 
From results presented in Table 6.7 it can be seen that the molar masses calculated from       
1H NMR and values measured by SEC-MALLS chromatography differ significantly. The one 
obtained from SEC-MALLS are significantly higher then expected and calculated form        
1H NMR. However, as it was mentioned SEC measurements of polymers based on PNIPAM 
is problematic as they tend to form aggregates, what leads to increase of the molar mass 
value. However, the systematic experiments on this field were not proceeded. Additionally, 
similarly to PGl-b-PNIPAM, the refractive index increments were not measured but 
calculated using the equation 6.1. presented in chapter 6.2.1. Since the dn/dc value of 
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poly(DMIAAm) was not found, its presence in copolymers was neglected in calculations, 
what additionally increase the error of the calculations. On the other side, spontaneous 
crosslinking between chromophore moiety is impossible under polymerisation conditions as 
cyclodimerization requires light source with relatively high energy with emission maximum 
in deep UV [240], so can not be assigned to increase of  Mn value. 
Nevertheless, although the values of the measured molar masses are probably incorrect, the 
increase of the elution volume was observed as the molar mass of the copolymers was 
increasing. The obtained chromatograms were monomodal confirming successful initiation of 
polymerisation of the mixture of NIPAM and chromophore by poly(glycidol) macroinitiator. 
However, with increasing amount of chromophore in the feed for the copolymers with the 
same compositions, molecular weight distribution Mw/Mn also increased. Simultaneously 
when higher chromophore content was introduced into polymer chain, a decrease in 
conversion was noticed, especially in case of longer PNIPAM chains. Increase in 
polydispersity in comparison with polymerisation without chromophore suggests some 
destabilization in the system by presence of chromophore monomer. Presumable, due to the 
chromophore structure and its possible sterical hindrance, formed radicals do not propagate in 
ATRP chain growth and transfer side reaction occurs increasing Mw/Mn.  
6.3.2. Estimation of chromophore content in PGl-b-(PNIPAM-r-DMIAAm) 
Incorporation of chromophore in copolymer backbone was confirmed by 1H NMR and 
calculated by both 1H NMR and UV-VIS measurements. The data are gathered in Table 6.8.    
Table 6.8. Chromophore content in PGl-b-(PNIPAM-r-DMIAAm) photo-copolymers. 
Sample 
1H NMR spectroscopy 
DMIAAm* mol-% 
UV-VIS spectroscopy 
DMIAAm* mol-% 
PGl55-b-(PNIPAM-r-DMIAAm5,2)110 5,2 5,2 
PGl55-b-(PNIPAM-r-DMIAAm4,7) 160 4,7 4,7 
PGl55-b-(PNIPAM-r-DMIAAm4,9) 340 4,9 5,0 
PGl55-b-(PNIPAM-r-DMIAAm9,0) 170 9,0 9,2 
PGl55-b-(PNIPAM-r-DMIAAm9,0)280 9,0 9,5 
   
PGl100-b-(PNIPAM-r-DMIAAm2,0) 280 2,0 2,1 
PGl100-b-(PNIPAM-r-DMIAAm5) 210 5,0 4,9 
PGl100-b-(PNIPAM-r-DMIAAm5,5) 320 5,5 5,1 
PGl100-b-(PNIPAM-r-DMIAAm4,9)520 4,9 5,0 
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In case of 1H NMR in D2O peaks deriving from chromophore overlapped with peaks coming 
from PNIPAM what is presented in Figure 6.22. As it was noticed for block copolymers 
without chromophore, the value of peaks area for CHC=O (1,8 – 2,2 ppm) and CHN (3,8 – 
4,0 ppm) groups should be the same. However, the intensity of CHC=O group was always 
higher than CHN, as a result of overlapping with signals from two methyl groups from 
chromophore moiety. Difference between intensities corresponds to intensities of 6 protons of 
methyl groups. Dividing this amount by 6, intensity of one proton may be estimated what 
corresponds to chromophore molar ratio in PNIPAM backbone.   
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Figure 6.22. Part of 1H NMR spectra of PGl55-b-(PNIPAM-r-DMIAAm5,2)110 in D2O. 
A more convenient method was based on calibration curve prepared by plotting of measured 
absorbance at λ=304 nm for chromophore solutions of known concentration against 
corresponding chromophore concentration. The UV absorbance of DMI-chromophore lies at 
region 270-310 nm with characteristic maximum at wavelength λ=304 nm. Absorbance of 
block copolymers was thus measured and compared with the calibration curve (A=f(c)) to 
give the concentration of chromophore in the sample. Knowing the composition of the 
copolymers the mol-% of chromophore in PNIPAM block was calculated.  
Although UV method seems to be more precise, results from both used methods corresponds 
very well (Table 6.8). Thus, in further work chromophore content will be assigned as obtained 
from 1H NMR technique. 
6.3.3. Influence of chromophore content on phase separation temperature of            
PGl-b-(PNIPAM-r-DMIAAm) block copolymers  
Also the influence of chromophore on the thermal response of obtained block copolymers was 
investigated. Since the balance between hydrophilic/hydrophobic parts of the polymer 
backbone plays a crucial role in thermo-sensitive properties, it was believed that the 
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introduction of hydrophobic segments should decrease phase separation temperature. As 
discussed in the introduction part, DMI-chromophores are moderately hydrophobic, thus no 
significant decrease of phase separation temperature was rather expected. The Tc was 
investigated by DSC and UV-VIS measurements and the results are presented in Table 6.9. In 
case of DSC curves were obtained from 5 wt-% copolymer solutions, where as a phase 
separation temperature maximum of thermograms were taken. In case of UV method, 
inflection method presented in Figure 6.14 was applied. 
Table 6.9. Phase separation temperature values of PGl-b-(PNIPAM-r-DMIAAm) copolymers 
Sample DSC [° C] UV VIS [° C] 
PGl55-b-(PNIPAM-r-DMIAAm5,2)110 34,7 34 
PGl55-b-(PNIPAM-r-DMIAAm4,7) 160 34,0 35 
PGl55-b-(PNIPAM-r-DMIAAm4,9) 340 33,0 33 
PGl55-b-(PNIPAM-r-DMIAAm9,0) 170 33,0 32 
PGl55-b-(PNIPAM-r-DMIAAm9,0)280 32,3 31 
   
PGl100-b-(PNIPAM-r-DMIAAm2,0) 280 37,5 37 
PGl100-b-(PNIPAM-r-DMIAAm5) 210 36,0 35 
PGl100-b-(PNIPAM-r-DMIAAm5,5) 320 36,0 37 
PGl100-b-(PNIPAM-r-DMIAAm4,9)520 34,5 33 
Different amounts of chromophore were incorporated into the polymer backbone (2 mol-%, 
5mol-% or 10 mol-%). As it was expected, with increase of chromophore content slight 
decrease in phase separation temperature was observed. For example, for the copolymers with 
the similar composition, increase of chromophore amount from 4,9 to 9,0 mol-% resulted in 1 
°C decrease of phase separation temperature.  
This behaviour is on contrary to the one observed for photocrosslinkable polymers based only 
on PNIPAM, where with increasing of chromophore content, much stronger decrease in Tc 
was reported [241]. In case of PGl-b-(PNIPAM-r-DMIAAm) copolymers, two opposite effects 
influencing Tc value can be observed. The incorporation of hydrophilic poly(glycidol) 
segment should shift temperature to higher values. On the other side the decrease of Tc as 
result of insertion of hydrophobic chromophore should be observed. However, after 
incorporation of chromophore the Tc remained almost unchained. Based on obtained results, 
can be concluded that the influence of chromophore on Tc is insignificant and hydrophilic 
character of poly(glycidol) prevails on final properties of synthesized block copolymers.   
6 Results and discussion – linear block copolymers 
127 
6.4. Temperature responsive PNIPAM-b-P(NIPAM-r-DMAAM)s block 
copolymers 
A new approach for preparation of polymers which can be used for preparation of 
bithermoresponsive microgels was applied. Formation of bilayer gels was already studied in 
our group [241]. Two polymers with incorporated chromophore were prepared separately, 
deposited on surface and the bilayer microgels were prepared by sequential photocrosslinking.  
 In this work, the new approach was based on preparation of such bithermoresponsive gels in 
one step synthesis. The block copolymers, where each block has different phase separation 
temperature could be applied in formation of such gels. DMIAAm chromophore must be then 
incorporated only into block which exhibits higher phase separation temperature. The 
formation of block copolymers showing two cloud point values and their corresponding 
photocrosslinkable analogues will be presented in this chapter. The photocrosslinking of such 
prepared block copolymers should directly lead to bithermoresponsive hydrogel layers. When 
the temperature will be raised gradually the two steps shrinking of the gel should be observed 
(at temperatures close to phase transition temperatures of each polymer).  
6.4.1. Synthesis of P(NIPAM-r-DMAAM) copolymers 
N,N-dimethylacrylamide is a monomer which can be polymerised by ATRP under conditions 
similar to the polymerisation of NIPAM [227]. In contrast to PNIPAM, poly(N,N-
dimethylacrylamide) (PDMAAM) is strongly hydrophilic and does not exhibit LCST 
behaviour. However, by random copolymerisation of these two monomers in proper amounts, 
the polymer with the LCST value higher then 32 °C (LCST of pure PNIPAM) were obtained. 
The polymerisation reaction proceeded in the conditions identical to the one used during 
synthesis of PNIPAM. The results are presented in Table 6.10. 
Table 6.10. Properties of P(NIPAM-r-DMAAM) copolymers.  
DMAAM/NIPAM ratio GPC DSC 
Sample Targeted Mn Targeted From 1H NMR Mn Mw/Mn Tonset Tc
P(NIPAM-r-DMAAM)1 30000 0,33 0,3 23000 1,1 41,1 42,5 
P(NIPAM-r-DMAAM)2 30000 0,25 0,25 24400 1,2 37,1 38,5 
P(NIPAM-r-DMAAM)3 30000 0,11 0,09 21700 1,1 34,2 35,2 
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The copolymerisation of NIPAM and DMAAM was very fast and after 30 minutes 98% 
conversion of monomers was reached. In spite of the high rate of the reaction, the monomodal 
copolymers with very narrow molar mass distribution were obtained, indicating controlled 
character of copolymerisation reaction (Figure 6.23).  
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Figure 6.23. SEC-MALSS traces of P(NIPAM-r-DMAAM)1. 
Since the dn/dc values for PDMAAM was not found the absolute molar masses of P(NIPAM-
r-DMAAM) copolymers could not be calculated. The molar masses of obtained copolymers 
were thus estimated using polystyrene calibration standards method and were different form 
targeted (Table 6.10.). On the other hand, the molar ratio of copolymers calculated from 1H 
NMR was close to targeted indicating successful copolymerisation. 
Tc values were measured using DSC. As it can be seen in Table 6.10. with increasing amount 
of N,N-dimethylacrylamide in the copolymer, a clear shift of phase separation temperature of 
PNIPAM to higher values was observed.  
6.4.2. Synthesis of PNIPAM-b-P(NIPAM-r-DMAAM) block copolymers 
As it was mentioned the goal of that part of work was the synthesis of block copolymers with 
two different Tc values, by proper tailoring of hydrophilic/hydrophobic balance in the 
copolymer structure. As the first temperature sensitive block of homo-PNIPAM, was chosen. 
As second block PNIPAM modified with hydrophilic monomer (DMAAM) was used. Based 
on information gathered before (see Table 6.10), the targeted cloud point value of P(NIPAM-
r-DMAAM) block was set to be 42 °C.   
The block copolymers were obtained by ATRP using sequential monomer addition technique. 
As first PNIPAM block was synthesised and when the PNIPAM conversion was 
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approximately ∼ 98% a sample was taken and the fresh feed of NIPAM - DMAAM mixture 
was added to the system. The targeted molar mass of PNIPAM block was to be 5000, where 
the length of P(NIPAM-r-DMAAM) block was changed to give the molar ratio between 
blocks PNIPAM/(P(NIPAM-r-DMAAM)) of 1/3 and 1/6. Copolymers formation and 
efficiency of used synthesis route was confirmed by SEC-MALLS chromatography and 1H 
NMR spectroscopy. The results are presented in Table 6.11. 
Table 6.11. Properties of PNIPAM-b-((PNIPAM-r-DMAAM)) copolymers 
GPC 
DMAAM/NIPAM 
ratio in copolymer PNIPAM blocka) 
PNIPAM-b- 
P(NIPAM-r-DMAAM)b)Sample
d) 
Targeted 
Mn of 
PNIPAM 
block 
Targetedc) From 
1H 
NMR Mn Mw/Mn Mn Mw/Mn
PNIPAM1-b- 
P(NIPAM-r-DMAAM)3
5000 0,23 0,22 5200 1,1 24200 1,3 
PNIPAM1-b- 
P(NIPAM-r-DMAAM)6
5000 0,27 0,25 4750 1,1 64000 1,2 
a) SEC-MALLS measurements before the addition of fresh monomers mixture 
b) according to polystyrene standards calibration in DMF 
c) corresponds to 33 mol-% of DMAAM/NIPAM in P(NIPAM-r-DMAAM) block 
d) the numbers in the sample names correspond to the ratio of block in copolymers 
Monomodal block copolymers with low polydispersity indexes Mw/Mn < 1,3 were obtained. 
As it was mentioned, the dn/dc value of PDMAAM in DMF was not measured before, so the 
molar masses of copolymers were determined using polystyrene calibration standards method. 
Example trace of PNIPAM-b-P(NIPAM-r-DMAAM) block formation is presented in Figure 
6.24.  
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PNIPAM Mn = 5200PNIPAM1-b-P(NIPAM-r-DMAAM)3
 
Figure 6.24. SEC traces of PNIPAM1-b-P(NIPAM-r-DMAAM)3 block formation.  
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The increase of elution volume with parallel increase of molar mass of copolymer was 
noticed. The measurements of homo-PNIPAM samples, taken from the reactor before 
addition of fresh monomers mixture, let to calculate the molar mass of the first block, which 
was close to targeted one. The presence of only one, monomodal peak in SEC traces of 
copolymers at the end of the polymerisation, confirmed the successful and quantitative 
initiation by PNIPAM active chains of polymerisation of NIPAM-DMAAM mixture.  
The structure of obtained copolymers was also determined by 1H NMR spectroscopy; 
however length of each block could not be calculated. As NIPAM is present in both blocks, 
the signals overlap, and it can not be distinguished how many monomer moieties form each 
block. According to this fact the amount of incorporated DMAAM was calculated in 
comparison to the total amount of NIPAM forming both blocks. The obtained values were 
close to targeted confirming the successful incorporation of DMAAM during formation of 
second block of the copolymer. Taking into account the fact that conversion of both 
monomers was almost quantitive the targeted composition should be expected. 
Thermal properties of obtained block copolymers were measured by DSC and the results are 
presented in Table 6.12.  
Table 6.12. Thermal properties of PNIPAM-b-P(NIPAM-r-DMAAM) copolymers 
DSC 
PNIPAM peak P(NIPAM-r-DMAAM) peak Samplea) 
Tonset Tc Comments Tonset Tc Comments 
PNIPAM1-b- 
P(NIPAM-r-DMAAM)3
34,2 35,3 low intensity 39,4 41,1 
Intensive and 
sharp 
PNIPAM1-b- 
P(NIPAM-r-DMAAM)6
- - not found 35,7 40,5 Intensive and sharp 
a) the numbers in the sample names correspond to the ratio of block in copolymers 
As it was expected the shift of phase transition temperature of PNIPAM in the second block, 
caused by addition of second hydrophilic monomer, was observed. However, the detection of 
two phase transition temperatures was complicated. As content of P(NIPAM-r-DMAAM) in 
the block copolymer was high the exothermic effect, which appeared during  phase separation 
of this block, was more pronounced. The intensity of the signal of pure PNIPAM block was 
thus very low and in case of block copolymer with higher molar mass Tc of PNIPAM block 
even undetectable. The example DSC trace of PNIPAM-b-P(NIPAM-r-DMAAM) block 
copolymer is presented in Figure 6.25. 
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Figure 6.25. DSC trace of PNIPAM1-b-
P(NIPAM-r-DMAAM)3 block copolymer. 
In order to observe the behaviour of the PNIPAM1-b-P(NIPAM-r-DMAAM)3 on the 
molecular level DLS measurements were performed. However, the results were significantly 
concentration depended. In the solution of concentration 0,5 g/L formation of small 
aggregates of Rh = 21 nm appeared at about 34 °C, however upon further heating at 39 °C 
sample precipitated form the solution. The precipitation of the sample was avoided when 
measurements were made for very diluted polymer solution (c = 0,01 g/L). However, under 
such conditions aggregates were formed above 43 °C and no Tc of PNIPAM block was found.   
Though, the estimation of phase separation temperature was also done by visible observation 
and UV-VIS measurements. The behaviour of the PNIPAM-b-P(NIPAM-r-DMAAM) block 
copolymers in comparison with P(NIPAM-r-DMAAM)1 random copolymer was investigated. 
The P(NIPAM-r-DMAAM) sample was chosen in such a way that its composition was 
compatible with the composition of P(NIPAM-r-DMAAM) block in block copolymer. As the 
result the phase separation temperatures were similar.  
Upon visible observation, both samples were simultaneously heated in water bath in the 
temperature range from 25 °C to 45 °C. In case of P(NIPAM-r-DMAAM)1 copolymer water 
solution remained transparent till about 41 °C. The clouding of the sample appeared suddenly 
at 42 °C, which temperature was found by DSC to be the cloud point. The different behaviour 
was found for PNIPAM1-b-P(NIPAM-r-DMAAM)3 block copolymers. The two step turbidity 
change was noticed. When the temperature of the bath reached 35 °C the clouding of the 
sample was observed and the solution became slightly turbid. With further increase of the 
temperature turbidity remained almost unchanged until about 40°C. That behaviour 
corresponds probably to transition of PNIPAM block as the cloud point value found from 
DSC measurements for this block was 35,5 °C. Upon further heating when temperature 
reached 41 °C solution became suddenly very milky and even some precipitation of polymer 
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was noticed at higher temperatures. By DSC that temperature was found to be the phase 
transition of P(NIPAM-r-DMAAM) block.  
UV-VIS spectrometry was also performed in the measurements of the cloud point of the block 
copolymers. For PNIPAM1-b-P(NIPAM-r-DMAAM)3 two transitions points were found. 
However, as in case of DSC, the detection of the value deriving from PNIPAM block was 
complicated. The result is presented in Figure 6.26. 
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 Figure 6.26. Cloud points measurements with UV-VIS of PNIPAM1-b-P(NIPAM-r-
DMAAM)3, c = 5 g/L 
6.4.3. Synthesis of PNIPAM-b-((PNIPAM-r-DMAAM-r-DMIAAm)) block copolymers 
In order to obtain photocrosslinkable bithermoresponsive copolymers, incorporation of 
chromophore into polymer backbone was performed. The results are presented in Table 6.13. 
Table 6.13. Properties of PNIPAM-b-((PNIPAM-r-DMAAM-r-DMIAAm)) copolymers 
Mn of PNIPAM block a) mol-% chrom. 
DMAAM/NIPAM 
ratio in copolymer 
Mn b) 
GPC GPC 
Codec) 
 
targeted 
Mn Mw/Mn
targeted 
mol-% 
1H 
NMR targeted
 
1H 
NMR Mn Mw/Mn
1 (1:3) 5000 4600 1,15 3,7 3 0,29 0,26 16970 1,55 
2 (1:6) 5000 4400 1,1 4,2 2,7 0,34 0,29 31190 1,55 
3 (1:3) 10000 9200 1,1 3,7 3,2 0,29 0,28 21550 1,55 
4 (1:6) 10000 9500 1,1 4,2 3 0,34 0,31 41100 1,74 
a) SEC-MALLS measurements before the addition of fresh monomers mixture 
b) PNIPAM-b-(NIPAM-r-DMAAM-r-DMIAAm) according to polystyrene standard calibration (DMF)  
c) (1:3) or (1:6) corresponds to the ratio of block in copolymers 
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The chromophore (DMIAAm) was successfully incorporated into P(NIPAM-r-DMAAM) 
block from block copolymer, but only until limited amounts not exceeding 5 %. If the amount 
of chromophore in the feed exceeded that value the termination of chains occurred, and no 
full conversion of monomers was reached. For amounts of chromophore under 5%, although 
some perturbation during polymerisation occurred, more then 70% of desired amount of 
chromophore was introduced into the polymer backbone. As the effect of poor control of the 
reaction bimodal polymers with broad molecular weight distribution were obtained. The 
negative influence of chromophore on ATRP polymerisations of NIPAM was already 
discussed in section 6.3.1. However under applied conditions, where the second monomer 
(DMAAM) is additionally present in the reaction mixture, seems to be even more 
pronounced. 
As it was said, the goal was the preparation of bithermoresoponsive block copolymers, which 
could be used for gel formation. The Tc values measured for the obtained copolymers are 
presented in Table 6.14.  
Table 6.14. Thermoproperty of synthesised polymers by means of DSC. 
DSC 
P(NIPAM-r-DMAAM-r-DMIAAm) peak Sample a) 
PNIPAM peak 
Tonset Tc Comments 
1 (1:3) 36,0 38,1 One broad peak 
2 (1:6) 35,7 40,5 One broad peak 
3 (1:3) 35,4 40,1 
Broad peak with shoulder in 
the range 35,4 – 37,5 °C 
4 (1:6)
Not found 
35,7 39,6 One broad peak 
a) PNIPAM-b-((PNIPAM-r-DMAAM-r-DMIAAm)) copolymers 
The example DSC trace is presented below in Figure 6.27. As it can be seen the obtained 
photocrosslinkable copolymers did not exhibit two separated phase transition temperatures as 
it was observed during DSC measurements of corresponding copolymers without 
chromophore content. In the range of temperatures 35 °C - 50 °C one broad peak was 
detected. It was obtained as the effect of overlapping of the peaks obtained from the phase 
separation of the PNIPAM block and P(NIPAM-r-DMAAM-r-DMIAAm) block. The increase of 
PNIPAM block molar mass to 10000 g/mol with kept other parameters also not led to 
copolymers with two different phase separation temperatures.  
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Figure 6.27. DSC trace of 3(1:3) PNIPAM-b-(NIPAM-r-DMAAM-r-DMIAAm block copolymer. 
Photocrosslinkable block copolymer exhibiting two phase separation temperatures were not 
obtained. However, there are many parameters which can be changed in order to improve the 
results. As first in order to increase the heat of phase separation of PNIPAM block and 
improve the detection the further increasing of the PNIPAM block length can be applied. 
Additionally, the molar ratio of blocks should be decreased in order to obtain copolymers of 
PNIPAM/(PNIPAM-r-DMAAM-r-DMIAAm) = 1/1 or 1/2. The signal of phase separation 
temperature of PNIPAM block of such prepared block copolymers should be then more 
pronounced (increase of homo-PNIPAM block in the sample). 
The overlapping of the peaks obtained upon phase separation of two different blocks can be 
avoided by further increase of DMAAM content in second block. It should cause the increase 
of the Tc value of the PNIPAM-r-DMAAM-r-DMIAAm block and separated peaks could be 
obtained. However, since such investigations never have been performed yet, it is only 
speculation.         
The trial of preparation of gel from synthesized polymer was not successful. The amount of 
incorporated chromophore was probably too little so that the crosslinking reaction could 
proceed efficiently. As it was mentioned, the increase of chromophore content in the sample 
was not possible as the polymerization was stopped at low conversion if more then 5 % of 
chromophore was present in the reaction mixture. 
This topic needs further investigation. 
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6.5. Synthesis of pH-sensitive block copolymers by macroinitiator 
technique via atom transfer radical polymerisation (ATRP) 
Poly(4-vinylpyridine) (P4VP) is the example of pH sensitive polymers. It contains a nitrogen 
atom in the pyridine ring, which can be protonated or deprotonated depending upon the pH 
value, what determines the solubility of the polymer in water. At low pH values the nitrogen 
atom is protonated and the polymer is soluble. However, if the pH of the solution is higher 
than 4,8 the polymer chains are deprotonated, hydrophobic and precipitate from the solution. 
The change from hydrophilic to hydrophobic chain of P4VP, referring to phase transition, 
appears in a narrow region of pH. Since the main aim of this dissertation also is the 
preparation and characterisation of core-shell pH sensitive microgels, 4-vinylpyridine was 
chosen as monomer for preparation of pH sensitive poly(glycidol)-based block copolymers. 
Additionally, as the amphiphilic properties of polymers depend on polymer structure, PGl-b-
P4VP block copolymer formation in control manner with desired composition will be 
described. 
It was reported that pH-induced poly(2-vinylpirrydine) aggregates can be successfully 
stabilized in water by poly(ethylene oxide) shell [243]. It is then expected that more hydrophilic 
poly(glycidol) will act similarly, and by crosslinking of PGl-b-P4VP aggregates, microgels 
will be obtained, stable over a broad range of pH values. As it was mentioned nitrogen atoms 
can be also quaternized [242]. Such reaction may be thus used in formation of conjunction 
points within hydrophobic domain of polymer aggregates during crosslinking towards 
microgel formation.  
6.5.1. Syntheses of PGl-b-P4VP block copolymers 
ATRP of 4-vinylpyridine (4VP) is well-known in literature [95] and seems to be well 
established. Since the monomer is a strong coordinating agent and can compete for binding of 
active metal catalyst, strong ligands (Me6TREN) and protic solvents (isopropanol) had been 
used. By adjusting the reaction conditions, polymerisation of 4VP was initiated by Cl-based 
poly(glycidol) macroinitiator and had been carried out in isopropanol/monomer mixture (4/1 
v/v) at 50°C, in homogenous CuI-Me6TREN catalysis system, with molar ratio 
[initiator]/[CuCl]/[Me6TREN] = 1:1:1. Narrow distributed (Mw/Mn<1,1) poly(glycidol) 
macroinitiator with different molar masses ( Mn = 2000, 5000 and 10000 g/mol) were used. 
As the result the series of PGl-b-P4VP block copolymers with different PGl/P4VP molar ratio 
of block (1/1; 1/2; 1/3; 1/7) were obtained. The characterization of block copolymers by 1H 
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NMR spectroscopy, followed by data obtained from SEC-MALLS analysis is presented in 
Table 6.15.  
Table 6.15. Characterisation of block copolymer of PGl-b-P4VP).  
By 1NMR spectroscopy By SEC MALLS 
Sample DPPGl
Targeted 
DPP4VP DPP4VP
Mn  
[g/mol] 
Mn 
[g/mol] 
Mw/Mn
PGl25-b-P4VP55 25 50 55 7600 23250 1,4 
PGl25-b-P4VP80 25 75 80 10200 69700 1,7 
PGl25-b-P4VP175 25 175 175 22600 60800 1,5 
       
PGl55-b-P4VP100 55 110 100 15500 55000 1,3 
PGl55-b-P4VP180 55 165 180 22800 79000 1,6 
       
PGl100-b-P4VP90 100 100 90 10000 50000 1,4 
PGl100-b-P4VP190 100 200 190 19760 58000 1,4 
PGl100-b-P4VP270 100 300 270 35500 62000 1,3 
The structure of obtained block copolymers was confirmed by 1H NMR spectroscopy. The 
appearance of new peaks deriving from P4VP, at simultaneous presence of signals from 
poly(glycidol) backbone, confirmed successful polymerisation of 4VP initiated by 
poly(glycidol) macroinitiators. The molar ratios of blocks of obtained polymers were 
calculated and, knowing the DP of macroinitiator, the length of P4VP block was estimated. 
The obtained by 1H NMR values of copolymer composition and calculated on the basis of 
them molar masses were in good agreement with targeted values. 
The SEC traces of synthesised block copolymers after preparation (copper removal and 
precipitation) were monomodal without any noticeable shoulder or tails. The retention volume 
shifted to the higher molecular weight region, indicating efficient initiation of 4VP 
polymerisation by poly(glycidol) macroinitiator, as a result of very efficient chain extension 
reaction. However, when the samples before preparation were investigated second peak with 
the retention time of used poly(glycidol) macroinitiator was noticed. It confirms that the 
functionality of macroinitiator was under 100 % (see Table 6.3). Nevertheless, presence of not 
functionalised poly(glycidol) in the reaction mixture did not perturbed the synthesis. The 
molar mass of the copolymers was increasing with increase of monomer/initiator ratio. 
However, in contrast to the results obtained by1H NMR, molar masses of copolymers were 
few times higher than expected. It was unexpected because when homo-P4VP and homo-
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poly(glycidol) polymers were analysed by SEC-MALLS in DMF molar masses were always 
in good agreement with targeted. The example SEC-MALLS trace of copolymer synthesis is 
presented in Figure 6.28. 
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Figure 6.28. SEC-MALLS trace of PGl100-b-P4VP270. 
In order to eliminate the spontaneous crosslinking of poly(glycidol) hydroxyl pendant group 
during reaction with 4VP, what also could lead to the undesired increase of molar mass of 
copolymers, following experiment was performed. Poly(glycidol) free from initiating moiety 
was treated with the same ATRP conditions as used during copolymerisation. Comparison of 
SEC traces of poly(glycidol) before and after trial gave identical results eliminating suspected 
crosslinking. 
Since analysis of block copolymers by gel permeation chromatography is always a 
challenging task, the unexpectedly high value of molar mass was assigned, to unexpected 
aggregation of PGl-b-P4VP block copolymers in DMF. This behaviour was surprising 
because DMF is a good solvent of both blocks and no aggregates should be formed. It is, 
however, believed that some amount of Cu cations was occluded in block copolymer chains 
and further induced aggregation in DMF (interactions with nitrogen atoms from P4VP block 
of copolymer). However, this was not completely confirmed and should be investigated. The 
influence of dn/dc value on estimation of final molar mass value was discussed in previous 
chapters and may also play a role in case of PGl-b-P4VP block copolymers. However, the 
difference between targeted and obtained molar mass is too high to be assigned to this factor. 
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In order to confirm the controlled character of the polymerisation of 4VP initiated by 
poly(glycidol) macroinitiator the kinetic measurements were done. The dependence of 
ln([M]0/[M]) vs. time is presented in Figure 6.29. 
 
 
 
 
 
Figure 6.29. The dependence of 
ln([M]0/[M]) vs. time for PGl100-b-P4VP270. 
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As it can be seen the plot can be considered as linear in the middle part. Though, at the 
beginning of the polymerisation and at the end (95% of 4VP conversion) some deviation from 
trend was observed followed by slight increase of polydispersity. However, such behaviour 
was already observed in ATRP polymerisations [196]. At the beginning of the reaction the 
concentration of free radicals in the reaction mixture is much higher than during propagation 
step. The exchange between dormant and active form of the propagating chain is then not in 
the equilibrium state and the amount of active free radicals in the system is too high to keep 
the control in the system. As polymerisation proceeds, the system overcomes that problem 
and the concentration of the radicals becomes low and constant. In described reaction after 
about an hour the linear dependence of ln([M]0/[M]) versus time was observed. The deviation 
from the trend at the last step of the polymerisation is also commonly observed. The 
concentration of monomer becomes very low and termination reaction becomes more 
privileged. Additionally, influence of any impurities in the system at this step becomes higher 
what favours the deactivation of catalyst system and further enhance termination reaction. 
The molar masses the copolymers calculated by both 1H NMR and SEC-MALLS were plotted 
vs. conversion of 4VP in the Figure 6.30. The linear increase of Mn without any significant 
deviation from the trend was obtained, although the molar masses obtained by gel 
chromatography measurements were about five times higher then the one calculated from 1H 
NMR (probably effect of polymer aggregation during SEC MALLS measurements). 
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Figure 6.30. Mn vs. conversion in ATRP 
polymerisation of 4VP initiated by 
poly(glycidol) macroinitiator for PGl100-
b-P4VP270. 
The presented results indicate that this system is not well-controlled at low and very high 
monomer conversions. However, polymers with varied and predicted composition can be 
obtained, keeping relatively low polydispersities (from 1,3 to 1,7).  
6.5.1.1. Properties of obtained PGl-b-P4VP block copolymers 
As it was written in the introduction part, poly(4-vinylpyridine) is known as a week polybase. 
It is dissolved at low pH, where upon increasing pH starts to aggregate, undergoes a phase 
transition and precipitates from water. The incorporation of highly hydrophilic poly(glycidol) 
segment should thus, similarly as in case of PNIPAM-based block copolymers, prevent 
precipitation of the P4VP aggregates from the solution at higher pH (above 4,8). Thus, in 
order to study the behaviour of PGl-b-P4VP block copolymers upon change of pH, acidic 
solutions of polymers were titrated with 1M NaOH. Typical titration curves are shown in 
Figure 6.31, where pH of solution was plotted as a function of amount of added NaOH. For 
better visualization only the interesting region of pH from 3,5 to 6,0 is presented.    
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Figure 6.31. Titration curves of PGl-b-
P4VP copolymers. Sample volume 20 mL,  
c polymer =1 g/L, c NaOH = 1 M.  
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As it can be seen for all presented samples with different molar ratio of block small plateau 
appeared at pH about 4,5. The incorporation of hydrophilic poly(glycidol) block to P4VP 
chain did not influence the pKa value of that polymer. The differences in the amounts of 
NaOH needed for neutralization of copolymers (changing length of plateau) were connected 
with the different content of P4VP in the sample, as the same concentration c = 1 g/mol for all 
the sample was applied. The higher content of P4VP in copolymer the more base was needed 
for neutralization. However, if the calculations were referred to amount of P4VP in the 
sample and recalculated to 1 mol of P4VP, it was obtained that the similar amounts of NaOH 
were needed for neutralization of 1 mol of P4VP in all samples. 
The appearance of plateau upon titration of acidic solutions of P4VP-based polymers is 
caused by the fact that at certain pH all amount of the added base is used for deprotonation of 
nitrogen atom from P4VP block and its neutralization. The pH of the solution remains 
unchanged, where the polymer become more and more hydrophobic. As the result P4VP 
block starts to collapse and solution becomes stepwise turbid (see Figure 6.32). Nevertheless, 
in the whole range of used pH (from 3 to 10) the polymer and formed aggregates did not 
precipitate form the solution. The only exception is PGl25-b-P4VP175, whose aggregates 
precipitated at pH = 4,7. However, the P4VP/PGl molar ratio is 7, what is much more then in 
case of the other copolymers. Such little content of hydrophilic poly(glycidol) block in the 
sample seems to be too low for efficient stabilization of aggregates and to prevent their 
precipitation from solution. 
 
 
 
 
 
 
 
 
 
Figure 6.32. Change of turbidity 
and Rh as function of pH for 
PGl100-b-P4VP270; c = 1 g/L. 
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Although, the ratio of blocks was crucial in formation of stable aggregates, the length of the 
poly(glycidol) block seems to be not so important. The same efficient stabilization of 
aggregates was achieved for short (DP = 25) as well as for long (DP = 100) poly(glycidol) 
chains, if the molar ratio of PGl/P4VP was similar. However, the turbidity of solutions at pH 
= 10 was decreasing with increasing poly(glycidol) chain length in the sample. In the group of 
copolymers with the same poly(glycidol) length, the turbidity of solution was decreasing with 
decreasing content of P4VP in copolymer. The change of turbidity for chosen samples is 
presented in Figure 6.33.  
PGl25-b-P4VP175
Figure 6.33. Influence of poly(glycidol) content and its DP on solution turbidity at pH = 10;  
c = 1 g/L.   
Dynamic light scattering measurements were performed in order to investigate the changes in 
hydrodynamic radius of formed aggregates at different pH values. The typical plot was 
presented above, in Figure 6.32. At given pH range, three characteristic regions can be seen. 
At low pH < 4,35 some loose aggregates have been observed with Rh in 180-190 nm range. 
Such observation was quite surprising since in this pH region the P4VP block should be fully 
protonated and polymer chains should be dissolved. However, similar results were already 
described where P2VP block copolymers were investigated [244]. The authors suggested that 
the possible explanation of such behaviour is the complex ionisation of P2VP. The critical 
141 
6 Results and discussion – linear block copolymers 
neutralization degree for this polymer was found on the level 0,5 and was explained by the 
sharing of one proton by two neighbouring 2VP units. Additionally, it was suggested that, 
because of the coexistence of uncharged hydrophobic 2VP units and charged ones (enhanced 
self-organization properties) the aggregates could be formed at intermediate neutralization 
degrees of the polymer. Indeed, the uncharged units were assumed to self-assemble into 
hydrophobic cores surrounded by the ionised units. Because this aggregation could happen 
intra- and intermolecularly and charged units could be entrapped into the hydrophobic cores. 
As the result formation of loose aggregates was expected. The same behaviour of studied 
block copolymers containing 4VP block can be expected is seems to be responsible for the 
unexpected results. With further increase of pH above 4,35 the fast decrease in Rh was 
noticed. Aggregates became more compact and as the pH of solution reached 4,7, the size of 
aggregates did not change significantly upon further addition of base.  
From distribution variation of Rh at different pH plotted in Figure 6.34. it can be seen that the 
polydispersity of aggregates decreases with increasing value of pH. At low pH the distribution 
is very broad, usually bimodal where at pH exceeding 5,0 monodispersed compact aggregates 
were formed.  
1 10 100 1000 10000
f(R
h)
Rh
 pH 3,5
 pH 4,3
 pH 4,6
 pH 5,3
 pH 8,5
 
Figure 6.34. Apparent hydrodynamic radii as a function of added NaOH for sample PGl100-b-
P4VP270. 
The values of hydrodynamic radius obtained for copolymers of different composition at pH = 
10 are gathered in table 6.16. As it can be seen depending from P4VP/PGl molar ratio in the 
copolymer, aggregates with different size were obtained. The higher P4VP content in the 
sample the higher size of the obtained aggregates. However, if copolymers with the same 
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molar ratio of blocks were compared the hydrodynamic radius of aggregates was decreased 
with increasing poly(glycidol) block length in the copolymer. 
Table 6.16. Characterisation of obtained aggregates of PGl-b-P4VP at pH = 10.
Sample Rh at pH = 10 Dispersities of aggregates 
PGl25-b-P4VP55 74 0,15 
PGl25-b-P4VP80 150 0,28 
PGl25-b-P4VP175 precipitation 
   
PGl55-b-P4VP100 55 0,2 
PGl55-b-P4VP180 70 0,14 
   
PGl100-b-P4VP90 14 0,1 
PGl100-b-P4VP190 38 0,15 
PGl100-b-P4VP270 90 0,19 
Based on obtained results, can be concluded that the properties of PGl-b-P4VP block 
copolymers are significantly influenced by the mutual ratio of the block forming the polymer, 
however in most cases formation of stable aggregates is possible.  
6.5.2. Syntheses of PGl-b-PAAc block copolymers 
In order to obtain alkali type of pH responsive polymers, block copolymers of poly(glycidol) 
and poly(acrylic acid) were prepared. However since ATRP system is not tolerant to acidic 
functionality the direct polymerisation of acrylic acid initiated by poly(glycidol) 
macroinitiator is not possible [214]. The carboxyl group of the monomer has to be protected for 
example with t-butyl group. It was found that t-butylacrylate can be polymerised under 
controlled ATRP conditions to give well-defined polymers [215]. Moreover, the acidic 
deprotection of t-butyl to poly(acrylic acid) was already described [226].     
Polymerisation t-butyl acrylate (t-BuAc) was initiated by Br-ended macroinitiator in presence 
of CuBr-PMDTA catalysis system. Since poly(acrylate)s are known as monomers with 
relatively high rate constant of propagation, some amount of deactivator CuBr2 was also 
added. Copolymerisation proceeded in 3:1 v/v DMF/monomer mixture (in order to obtain 
miscible system), at involved reagent ratios: [macroinitiator]/[CuBr]/[CuBr2]/[PMDTA] = 2 : 
1: 0,05 : 1,05.  
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Obtained copolymers were characterised by 1H NMR and SEC-MALLS measurements. The 
appearance on the 1H NMR spectra of new peaks deriving from poly(t-butylacrylate) segment, 
with simultaneous presence of signals from poly(glycidol) backbone confirmed successful 
initiation of t-butyl acrylate polymerisation by poly(glycidol) macroinitiator. New peaks were 
assigned to characteristic pendant t-butyl groups at range δ = 1,2 – 1,4 and δ = 1,3 – 2,2 to 
polymer backbone groups. However, calculation of copolymer composition was not possible. 
The result of the calculation was depended from the type of used solvent (polar or nonpolar) 
as poly(glycidol) is soluble in polar solvent like alcohols, water, amides; which are typical 
non-solvents for t-butyl acrylate block. Application of the mixture of polar and non-polar 
deuterated solvents also did not improve the calculation, as the result was significantly 
dependent from the solvent ratio. 
SEC traces of obtained copolymers were usually broad and bimodal. In the crude product the 
significant amount of unreacted poly(glycidol) macroinitiator was present (see Figure 6.35). 
However, it was rather expected as the degree of functionalisation of applied macroinitiator 
was on the level of 40%. The calculated molar masses of copolymers were much higher than 
expected and polydispersity indices varied form 1,8 to 2,0.  
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Figure 6.35. SEC traces obtained for copolymers of poly(glycidol) and poly(t-butyl acrylate) 
Kinetic experiments (data not enclosed) made for that reaction showed some perturbation in 
the system. Molecular weight did not increase linearly with conversion and obtained 
molecular masses did not correlated with targeted values suggesting higher participation of 
termination reaction then should be expected upon controlled polymerisations. It is on 
contrary to results obtained during homopolymerisation of t-butyl acrylate, where well 
controlled system was obtained when CuBr-PMDTA catalysis system was used.  
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In order to improve the polymerisation the amount of deactivator CuBr2, which is responsible 
for the decrease of the polymerisation rate and reduction of termination reaction rate, was 
increased. However, despite of the lowering of the polymerisation rate, highly polydispersed 
copolymers were obtained. Additionally, it must be stated that the not complete deprotection 
of poly(acetal) groups from Br-terminated poly(glycidol) macroinitiator could led to 
undesired increase in polydispersities as well. However, replacement of Br-terminated 
macroinitiator with Cl-terminated poly(glycidol), did not improve the results. 
Nevertheless, in order to obtain PGl-b-PAAc block copolymers, the hydrolysis of tert-butyl 
groups was performed according to [226]. It was proceeded in dichloromethane, in five molar 
excess to tert-butyl groups using trifluoroacetic acid (TFA). 1H NMR analysis confirmed 
successful deprotection of poly(acrylic acid) groups.    
Despite of many trials, the synthesis of well-defined PGl-b-PAAc was not improved. 
However, since ATRP is multi component polymerisation system, precise explanation of the 
failure in the synthesis of mentioned block copolymers is hard. As the most important 
component of the ATRP system is transition metal complex, which activity is strongly 
depended on the type of used ligand it is possible that PMDTA (known as a intermediate 
strength ATRP ligand), was not efficient in establishing of the dynamic exchange of the 
dormant-active species. Thus, deactivation step failed what entailed too high free radical 
concentration resulting in uncontrolled copolymerisations conditions. Additionally, it should 
be noted that some initiators were reported to be too active upon ATRP polymerisation of t-
butyl acrylat in the presence of copper based catalyst systems. In some systems extensive 
termination or other side reaction were observed [214]. Thus, influence of used poly(glycidol)-
based macroinitiator, its chemical structure and R-X bonds accessibility on the polymerisation 
system of t-butyl acrylate can not be excluded as well.  
Since the synthesis of PGl-b-PAAc block copolymers was not controlled they were not 
applied to further synthesis (microgels formation).         
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7. Results and discussion – microgels 
In this part, the synthesis and characterisation of thermoresponsive microgels with core-shell 
morphology are discussed. As it was mentioned in the introduction, commonly colloidal 
microgels are prepared in free radical polymerisation in diluted solutions at elevated 
temperature in case of precipitation polymerisation or at room temperature by emulsion 
polymerisation [1]. Generally in both cases, it is a simultaneous free radical copolymerisation 
of monomers and crosslinker. As results, microgels having lots of spatial inhomogeneities are 
obtained. That degrades such physical microgel properties like: reversible deformability, 
swelling-deswelling behaviour or controlled diffusion of substances to the microgel structure. 
Additionally, if polymerisation is applied in direction of nanospheres for medical use, careful 
procedures have to be subsequently applied to remove sol fraction i.e. the unreacted 
monomer, initiators, stabilizers and other additives, what usually is problematic. 
Thus, in order to overcome the mentioned difficulties in this work another approach to 
synthesise sub-micron sized microgels in additives free-systems was proposed. Additionally, 
since the size of the hydrogels is the crucial factor, which influence mostly the response time 
of gel, the main strategy was to get microgels in nanometer size range. 
7.1. Temperature sensitive microgels of PGl-b-PNIPAM 
In case of the synthesis of thermosensitive microgels, the new approach, based on 
thermosensitive properties of obtained block copolymers was applied. From well-defined 
block copolymers, with random localized chemical functionalities (chromophores), 
temperature induced aggregates were formed and exposed to UV light to introduce crosslinks. 
The crosslinking method is a development of the one proposed by Vo et al. [154-155], who 
prepared PNIPAM-based microgels by UV irradiation of induced aggregates. The aggregates 
of PNIPAM were formed above its phase separation temperature, as the distance between the 
chromophore moieties in the polymer chains became low enough to perform crosslinking 
reaction. Besides versatility and simplicity of method used by Vo, introduction of surfactant 
(SDS), in order to stabilize PNIPAM aggregates, was unavoidable. As it is commonly known 
SDS can adsorb to polymers backbone and its presence strongly affects particle size, swelling 
properties and phase separation temperature of gels.  
In order to eliminate presence of surfactant and avoid its undesirable influence on microgel 
properties, Vo`s method was modified. In the new approach the stabilization of aggregates, 
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formed above phase separation temperature, was achieved by the proper design of polymer 
structure. The presence of highly hydrophilic poly(glycidol) block in the copolymer provided 
sufficient stabilization of aggregates above phase separation temperature, prevented their 
precipitation and allowed to form microgels at sub-micron dimensions. The detailed 
information about aggregation processes of block copolymers was described in the previous 
chapter (see chapter 6.2.4.).  
7.1.1. Microgels formation 
As mentioned in 6.3.1 section, as the photocrosslinkable chromophore, N-substituted 
dimethylmaleimide (DMIAAm) was chosen. Generally, DMI-chromophores exhibit high 
thermal stability, what allows working at higher temperatures without uncontrolled 
dimerization. After exposure to UV light DMIAAm absorbs energy at range λ = 270-300 nm, 
and [2+2] cyclodimerization of two chromophore particles as the reaction between double 
bonds of DMIAAm chromophore occurs. The double bond situated between carbons 2 and 3 
brakes and form stable cyclobutane ring, but only if second chromophore stays nearby. 
Additional important factor in terms of microgel preparation is the fact, that such kind of 
dimerization is not effected by presence of oxygen, making formation procedures easier. The 
dimerization process is presented schematically in Figure 7.1.   
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Figure 7.1. Photocrosslinking reaction of DMI- chromophores. 
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As it was shown in section 6.3.1. (Table 6.7), a wide range of photo-crosslinkable polymers 
was prepared. The synthesis procedures can be briefly summarised as follow: at given 
concentration, solution of photo-crosslinkable copolymer was heated above Tc and left at 
given temperature for 15 min and then irradiated with UV light. All synthesised microgels, 
after cooling to room temperature, appeared to be light blue, where the exact appearance was 
mainly concentration and chromophore content dependent. 
7.1.2. Influence of the reaction conditions on properties of microgels 
In order to obtain microgels of desired properties as size, crosslinking density and shape the 
conditions of microgels synthesis were optimised. The influence of different parameters such 
as irradiation time, polymer concentration, temperature, copolymer composition, 
chromophore content etc. was investigated using a variety of techniques. Dynamic light 
scattering (DLS) was used for hydrodynamic radii investigation, 1H NMR spectroscopy for 
internal structure changes observations, scanning electron microscopy (SEM) for size and 
shape information and static light scattering (SLS) for determination of radius of gyration. 
Additionally, atomic force microscopy (AFM) was used in order to settle the surface 
morphology of particles. Additionally, the volume phase separation temperatures of obtained 
microgels were investigated using DSC and UV-VIS. 
7.1.2.1. Influence of temperature  
Since the preparation method was based on phase separation phenomenon, the influence of 
temperature on microgel properties was checked as the first factor. Above phase separation 
temperature of block copolymers hydrophobic interactions within PNIPAM chains dominate 
and the polymer collapse to form particles in sub-micron sizes. Water molecules are thus 
expelled from the internal space of hydrophobic core and collapsed PNIPAM chains 
containing chromophore particles are getting close to each other. To form covalent bonds, 
chromophore moiety in their excited state must react with other chromophores molecules 
within the short lifetime. It is impossible if the density of hydrophobic core is too low and, as 
the result, the distance between polymer backbones is too high. It is thus necessary to apply 
the temperature in which the complete collapse of aggregate core occurs. 
It is known from literature, that the size of formed aggregate depends on the rate of heating 
[142]. The more drastic change from room temperature to temperature above Tc, the faster 
shrinkage of polymer chains and lower probability of aggregation to larger particles. Taking 
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into account that formation of small microgels was desired, the solutions of copolymers were 
heated rapidly by one jump from 25°C to 45°C, 50°C, or 55°C, respectively. 
As first formation of microgels was investigated at 45 °C. As all obtained copolymers showed 
the phase transition temperature above that value, it was believed that at 45 °C the density of 
collapsed PNIPAM core will be sufficient to carry out successful crosslinking of 
chromophore. 
At 45 °C the complete chromophore consumption and formation of monomodal, narrow 
distributed hydrogels was observed only, when block copolymers with shorter glicydol block 
(DP = 55) were crosslinked. It was found that 45 °C was not sufficient for crosslinking of 
block copolymers with longer poly(glycidol) chains (DP =100). The DLS measurements after 
crosslinking showed trimodal distribution and for example for (PGl)100-b-(PNIPAM-r-
DMIAAm5,5)320, peaks were found at 6 nm (not crosslinked polymer), 15 nm (some partially 
crosslinked polymer chains) and at 50 nm (the expected gels). It was rather not expected, 
because the molar ratio of block was similar as in case of the corresponding copolymers with 
shorter poly(glycidol) block. Increasing of the temperature to 50 °C and increasing of 
incubation time before irradiation to 30 minutes only slightly improved the results. Finally, 
when crosslinking of copolymers with longer poly(glycidol) was preceded in 55 °C formation 
of monomodal narrow distributed microgels was observed. 
The influence of temprature on crosslinkig efficiency of (PGl)100-b-(PNIPAM-r-
DMIAAm5,5)320 was also studied by SEM measurments and is presented in Figure 7.2.  
Figure 7.2. SEM images of (PGl)100-b-(PNIPAM-r-DMIAAm5,5)320 microgels prepared at    
45 °C (left) and 55 °C (right), respectively.   
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The different behaviour of copolymers with different poly(glycidol) block length upon 
crosslinking at 45°C may be explained in terms of two factors. It is possible that with the 
changing poly(glycidol) length the formation of aggregates with different core density occurs. 
The differences in hydrophilic/hydrophobic balance between polymers of different 
composition cause those chains with relatively low hydrophilic content collapse and aggregate 
as first, where those with higher content still remain in solution. Thus, because of different 
poly(glycidol) segment length polymers aggregate differently. With increasing length of 
poly(glycidol) the core density of formed aggregates becomes lower, since aggregation forces 
in PNIPAM core were suppressed. As the result after crosslinking the mixture of not reacted 
polymers and particles is obtained. However, increase of temperature to 55°C increased 
hydrophobic interactions in the aggregate core and preparation of monomodal polymer gels 
was possible. From the other side it is possible that the different time was needed for 
formation of stable aggregates, with fully collapsed PNIPAM core for copolymers with 
different composition. In case of copolymers with longer poly(glycidol) (DP = 100) at 45°C 
or 50°C the applied incubation time was too short to obtain fully collapsed core. Thus, the 
crosslinking led to occurrence of more then one crosslinking product. However, it was not 
investigated in details. 
7.1.2.2. Influence of irradiation time 
Microgels formation by irradiation with UV light it is a process requiring a certain period of 
time. On the other hand degradation of polymers upon irradiation with UV light is a well 
known process.  Thus, irradiation time had to be optimised, so that the crosslinking of all 
chromophores molecules in the polymer proceed, without polymers degradation.   
• DLS 
The formation of microgels was observed by DLS measurements. It was expected that if no 
crosslinking occur, the diameter of the sample (at room temperature) after irradiation will be 
equal to that measured before irradiation. In such situation on DLS diagrams only one peak in 
the region of 10 nm was expected. On the other hand, if crosslinking is successful and 
efficient, one peak in the region of higher diameters should be detected. All the samples in 
which two or more distribution peaks will be find should be interpreted as the intermediate 
states of crosslinking. 
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To investigate the influence of irradiation time on crosslinking efficiency upon reaction the 
samples were drawn at certain period of time, cooled down, diluted to a concentration of 0,1 
g/L and measured by DLS at 90° angle. The example of hydrodynamic radius distribution of 
formed microgels in time is presented in Figure 7.3.  
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Figure 7.3. Hydrodynamic radius distribution in time, C = 0,1 g/L, θ = 90°. Crosslinking of 
(PGl)55-b-(PNIPAM-r-DMIAAm4,7)160 at 5 g/L solution. 
It can easily be seen that UV crosslinking is a very fast and efficient process. Just after 1 min 
formation of microgel was observed. However, on this stage of crosslinking, trimodal 
distribution of particles was observed, what was rather unexpected at so early stage of 
crosslinking. Beside main peak at 89 nm assigned to microgel particles, peaks at 7 nm and at 
17 nm deriving from slightly crosslinked chains, were found. However, upon further increase 
of irradiation time the additional two distribution peaks disappeared gradually and just after 6 
min only one peak deriving from microgel particle remained. Nevertheless, after 6 minutes 
the crosslinking was not completed. The shift of the microgel size to lower values was 
observed during further irradiation (decrease of hydrodynamic radius) suggesting that the 
crosslinking reaction still proceeds and more compact microgels are formed. Finally after 30 
min. the diameter of the microgel remained unchanged upon further irradiation. The change in 
apparent hydrodynamic radius plotted vs. time of irradiation during crosslinking of the block 
copolymers of different chromophore content is presented in Figure 7.4. 
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Figure 7.4. Change of hydrodynamic radius of microgels during crosslinking vs. time 
(samples with different chromophore content: 4,7 mol-% (squares) and 9 mol-% (triangles)).  
Rate of crosslinking appeared to be independent on chromophore content. The hydrodynamic 
radius of samples with different chromophore amount reached a constant value after nearly 
the same time, suggesting full crosslinking of incorporated chromophore moiety. However, 
the chromophore content influenced the final size of the microgel, where the samples with 
higher amount of chromophore were smaller. It is noteworthy that very narrow size 
distribution of obtained gels was observed. The microgels, obtained after 45 min. exposure to 
UV light, were nearly monodisperse at swollen state, with dispersity indices less than 0,03.  
• 1H NMR 
In order to follow network formation during crosslinking of block copolymers of PGl-b-
PNIPAM 1H NMR spectroscopy was also applied. Crosslinking was thus performed in D2O 
and samples were taken at the settled period of time (similar as in case of DLS 
measurements). The disappearance of methyl group signal of chromophore at 1,9 ppm was 
observed. It was noticed that its intensity decreases as the time of crosslinking increases. After 
45 min. its complete disappearance was observed, as the result of the change in protons 
surrounding caused by dimerization of two chromophore moieties (see Figure 7.1.). 
Additionally, the broadening of all the signals deriving from PNIPAM chains appeared, 
suggesting formation of PNIPAM-based core. Similar to DLS observations complete 
dimerization of chromophore moieties was also observed after approximately 30 min. 
However, as the methyl group peak overlaps with the peaks from PNIPAM chain, the results 
obtained by this method may be not exact.  
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Figure 7.5. Formation of microgels observed by 1H NMR spectroscopy upon crosslinking of 
(PGl)55-b-(PNIPAM-r-DMIAAm4,7)160.  
The obtained results are on contrary to only PNIPAM based microgels [154], where in case of 
DMI-chromophore, full consumption of chromophore was obtained within 10 minutes of 
irradiation using identical set-up. It is, though, believed that these differences are caused by 
the different way of stabilization of formed above Tc aggregates in case of PNIPAM and used 
block copolymers. Above Tc, PNIPAM homopolymer probably forms more compact 
aggregates, chains are very close to each other and crosslinking process is faster. The values 
of average chain density (ρparticle) for collapsed PNIPAM was found to be 0,35 g/cm3 [245]. In 
comparison to homopolymer, PNIPAM grafted with poly(ethylene oxide) formed aggregates 
with considerably lower chain density [237], what was attributed to existence of the low-density 
soluble PEO shell. In case of aggregates obtained from block copolymers, this effect can be 
even more pronounced while particles are surrounded by more hydrophilic poly(glycidol) 
corona. Less compact core density results in lower probability of dimerization, what leads to 
slower rate of crosslinking reactions.  
• SEM 
The progress of crosslinking was also observed by scanning electron microscopy (SEM). 
Samples were obtained by simple spreading of the diluted aqueous dispersion of microgel to 
obtain isolated particles and hence minimize particles coalescence and film formation. The 
results are presented in Figure 7.6. 
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Figure 7.6. Scanning electron microscopy images of microgels formation for (PGl)55-b-
(PNIPAM-r-DMIAAm4,7)160; after 2 min (A), 4min (B), 6min (C) and 10 min (D). 
As it can be seen after 2 min (picture A) coalescence of particles was not avoidable. Non-
spherical sub-micrometer mixture between formed microgels and partially crosslinked 
polymer was formed. After 4 minutes of irradiation (picture B), still not uniform particles 
were presented with something like pseudo-spherical, bigger particles inside the sample. More 
satisfying spherical morphology of particles was observed at the picture C (6 min.) and D (10 
min.), where upon increase of the irradiation time the tendency in decreasing the size of 
microgels was also observed (particles sizes decreased from diameter 100 nm (picture C) to 
70 nm (picture D)). It is worth mentioning that after 10 min of irradiation despise of not fully 
crosslinked structure (indicated by DLS), all particles exhibited narrow size distribution.  
The diameter of gel measured by SEM was slightly lower than diameter measured by DLS, 
what is quite understandable taking into account the fact that SEM measurements were taken 
in dry state. Upon DLS measurements in water hydrodynamic diameter of microgel is 
influenced by the presence of poly(glycidol) corona, which is extended in water increasing the 
microgel size. However despite of differences in size, important is the fact that this two 
techniques correlated to each other as the formation of stable spherical microgels was 
observed after the same irradiation times, confirming efficient stabilization by poly(glycidol).  
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7.1.2.3. Influence of block copolymer concentration and chromophore content 
Generally, the size of aggregates formed from stimuli sensitive polymers increases as the 
concentration of polymer in the sample increases. At higher polymer concentrations, 
individual chains have more chances to aggregate to each other before collapsing and 
formation of larger suspended particles is possible (it is observed if the same conditions like 
heating rate or temperature are kept). As the result among crosslinker-free techniques of 
microgels formation, one major drawback is the fact that, in order to avoid extensive 
intermicellar crosslinking leading to uncontrolled increase of particle size, the reaction has to 
be carried out at high dilution [13-15]. That is why, recently big interest was paid to the systems, 
which give an opportunity to obtain small particle at high concentrations.  
In Figure 7.7. is presented the dependency of hydrodynamic radius distribution at room 
temperature (f(Rh)) of microgels obtained at three different concentrations 0,1 g/L, 5 g/L and 
10 g/L. As expected, the size of microgels increased as concentration of polymer upon 
crosslinking increased however, the small deferences of Rh were observed (from 47 nm to 59 
nm). It seems thus that in studied case, aggregation process was not significantly influenced 
by concentration. The formed aggregates were stabilized by surrounding poly(glycidol) shell 
and no inter aggregate crosslinking was observed as the obtained particles were still in 
nanosized range. Additionally, for (PGl)55-b-(PNIPAM-r-DMMIA4,7)160 microgel obtained at 
5 g/L Rg was found to be 38 nm. Thus, the ratio of Rg/Rh was estimated to be 0,75. The 
calculated value of ρ parameter of this particle is nearly consistent with those obtained for 
uniform spheres (0,77) confirming formation of uniform spherical particles. 
 
 
 
Figure 7.7. Hydrodynamic radius 
distribution function (f(Rh)) of (PGl)55-b-
(PNIPAM-r-DMIAAm4,7)160 microgels 
obtained at different concentrations; c = 
0,1 g/L (circles); 5 g/L (squares); 10 g/L 
(triangles). θ = 90°. 
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Also influence of chromophore content in the copolymer structure was investigated in terms 
of possibility of microgel formation. As two chromophores molecules are needed for one 
crosslink point, in case of a network formation at least four chromophore moieties has to be 
incorporated to the polymer backbone. As the result the minimal mol-% amount of 
chromophore in PNIPAM block needed to network formation was dependent from the 
polymer structure and had to be settled to each block copolymer composition separately. In 
case of samples with shorter poly(glycidol) block (DP = 55) and degree of polymerisation of 
PNIPAM less then 200 the incorporation of 2 mol-% of chromophore was not sufficient in 
direction of microgel formation. However, in case of respective samples with poly(glycidol) 
block of DP = 100 2 mol-% was found to be enough to give well-defined microgels.  
Influence of concentration and of chromophore content may also be observed by comparison 
of turbidity of microgel dispersions. In Figure 7.8 are presented two series of digital 
photographs of samples: (a) at different concentrations but with constant chromophore content 
and (b) with different chromophore content, but with constant concentration. 
 
Figure 7.8. Turbidity of various colloidal microgels at room temperature: (a) influence of  
microgel concentration; sample (PGl)55-b-(PNIPAM-DMIAAm4,7)160, (b) influence of 
chromophore content  (PGl)55(PNIPAM-DMIAM4,7)160, (PGl)55(PNIPAM-DMIAM9,0)170, 
(PGl)100(PNIPAM-DMIAM2,0)280; c = 5 g/L. 
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In each case, after crosslinking solutions of microgels appeared to be light blue however, their 
turbidity was increasing with increase of the concentration of polymer used to crosslinking. 
For samples with low concentration (0,1 g/L) solutions appeared to be slightly blue, turned to 
be light blue for 5 g/L and finally solution became almost milky at 10 g/L. The same trend 
was observed in case of changing degree of crosslinking in the sample (chromophore 
content). When the concentration and composition of polymer were kept constant, the 
solution was becoming more turbid, with increase of the amount of crosslinking points.  
7.1.2.4. Influence of heating rate on size of microgels  
As it was mentioned the size of aggregates obtained from thermoresponsive polymers 
depends on the rate of heating of the sample above Tc. All the described till now microgels 
were obtained by one jump of the temperature from 25 °C to 45 °C or 55 °C. Thus, in order to 
check the influence of heating rate on the size of microgels also slow heating was applied, 
where temperature was changed step by step every 2 °C from 25 °C to 45 °C, with time left 
for incubation in settled temperature (5 min). As the solution temperature reached 45 °C 
samples were irradiated with UV light and after cooling measured by DLS. As it was 
expected the size of microgels obtained by slow heating rate method was bigger and for 
example for (PGl)55-b-(PNIPAM-DMIAAm4,7)160 Rh = 105 nm, where Rh of microgels 
obtained by one jump temperature change was 51 nm (c = 5 g/L). As low size of microgels 
was favourable, the change of the temperature by one jump from 25 °C to the desired (45 °C 
or 55 °C) was applied.  
7.1.2.5. Influence of time on stability 
Long-lasting stability of synthesised microgels was also investigated. In two month periods 
hydrodynamic radius of the samples was measured three times. After six month from 
preparation, no precipitation of microgels from the solution was noticed. The obtained DLS 
results were in each case identical with data measured just after crosslinking with no change 
of hydrodynamic radius distribution. This behaviour clearly indicated formation of stable 
microgels with unique colloidal behaviour. 
7.1.2.6. Influence of UV light on block copolymer properties 
An interesting question was also if the crosslinking are formed only as the result of 
dimerization of chromophore molecules, or some additional side reaction also appears in the 
solution. Thus, in order to eliminate any doubts assigned to uncontrolled UV-induced network 
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formation and prove the crosslinking efficiency by [2+2] cycloaddition of chromophore 
moieties, analogous block copolymers of PGl-b-PNIPAM without incorporated in the 
polymer backbone chromophore were exposed to UV-light. The same experimental 
conditions as used during the crosslinking process of photo-crosslinkable copolymers were 
applied and the samples were analysed by DLS. It was expected, that as the result of 
undesired side reaction some chain scission, chain degradation, or chain crosslinking will 
occur, what should strongly influence on the width of the size distribution and hydrodynamic 
radius of polymer. The typical hydrodynamic radius distribution obtained for block 
copolymers after irradiation is presented in Figure 7.9. 
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Figure 7.9. The hydrodynamic radius distribution f(Rh) at 25 °C of (PGl)55-b-(PNIPAM)170 
before and after irradiation, c = 1 g/L. 
In particular, after irradiation, no additional peak was observed in the sample and only one 
distribution deriving from polymer was detected. Both, the size of measured block 
copolymers and hydrodynamic radius distribution before and after irradiation remained 
unchanged and well corresponded to each other. The polymers resistance to applied dose of 
UV light was proved, indicating high polymer stability upon irradiation.     
 
 
 
158 
7 Results and discussion – microgels 
7.1.3. Thermosensitive properties of obtained microgels  
The temperature phase separation behaviour of obtained microgels was determined using the 
wide variety of techniques and is presented below.  
7.1.3.1. By UV-VIS and DSC  
UV-VIS measurements of obtained microgels were carried out under analogues conditions as 
in case of un-crosslinked polymers. Microgels were diluted to concentration of 1 g/L and the 
heating rate was kept on the level 0,5 °C/min. In Figure 7.10.a) is presented the example plot 
of absorbance of microgel at λ =350 nm vs. temperature compared with results obtained for 
the corresponding non-crosslinked block copolymer.  
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Figure 7.10.  Absorbance vs. temperature of uncrosslinked (PGl)55-b-(PNIPAM-r-
DMIAAm4,7)160 (red) and corresponding microgel (black); measured values (a), normalized 
values (b). c = 1g/L. 
A strong difference in behaviour of these two samples was observed. In case of uncrosslinked 
polymer, a stepwise increase of the temperature above phase separation resulted in strong 
increase of absorbance. However, for microgels which were already opaque at room 
temperature, only slight change of absorbance value was noticed, even when the microgels 
dispersions were heated up to 60 °C. The lack of change of absorbance is probably connected 
with the lack of aggregation processes in the sample. Upon heating, PNIPAM cores become 
hydrophobic and collapse. However, this volume phase separation appears for each core 
separately without intermolecular aggregation. Thus in applied measurements conditions, 
almost undetectable increase of the absorbance occurred.  
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After normalization of data the volume change transition temperatures of synthesised 
microgels were estimated using the method presented in Figure 6.13. Additionally, a phase 
separation temperatures were measured by DSC. The Tc values obtained by this two methods 
together with the values obtained for un-crosslinked polymers are presented in Table 7.1.  
Table. 7.1. Values of phase separation temperatures of obtained microgels 
UV-VIS [° C] DSC [° C] Sample used for preparation of 
microgel 
uncrosslinked crosslinked uncrosslinked  crosslinked 
PGl55-b-(PNIPAM-r-DMIAAm5,2)110 34 32 34,7 32,0 
PGl55-b-(PNIPAM-r-DMIAAm4,7) 160 35 32 34,0 31,5 
PGl55-b-(PNIPAM-r-DMIAAm4,9) 340 33 31 33,0 32,5 
PGl55-b-(PNIPAM-r-DMIAAm9,0) 170 32 28 33,0 30,0 
PGl55-b-(PNIPAM-r-DMIAAm9,0)280 31 29 32,3 30,2 
As it can be seen the Tc values measured by this two methods correlate to each other. The Tc 
of microgels was found to be in each case lower then in case of their uncrosslinked analogues, 
however crosslinking of block copolymers did not suppress their thermal properties. The 
decrease of Tc in case of microgels was already observed and is connected with the fact that 
the mobility of crosslinked chains is lower then the mobility of free chains in the solution.  
7.1.3.2. By dynamic light scattering  
More detailed information about the processes running in the microgel solution upon 
temperature changes were gained by dynamic light scattering measurements. The temperature 
dependence of the hydrodynamic radius was measured upon heating as well as upon cooling. 
The typical curve obtained during measurements, where the microgel was heated step-wise 
from 15 °C to 43 °C, is presented in Figure 7.11. 
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Figure 7.11. The value of Rh vs. 
temperature of microgel obtained from 
(PGl)55-b-(PNIPAM-r-DMIAAm4,7)160. 
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It was noticed that it was a full reversible system without any hysteresis effect. The change of 
hydrodynamic radius value was fluent, and for applied temperatures the same Rh values were 
obtained in heating as well as in cooling run. The further repeating heating - cooling cycles 
led to reproducible data and the sample at 15 °C after five cycles had still the same size. 
Similarly as in case of uncrosslinked material change of Rh upon heating can be divided in 
three stages. However in contrast, the stage when PNIPAM core collapses and undergoes 
volume phase transition is very broad. As the result the determination of phase separation 
temperature becomes difficult, where for example presented in Figure 7.11. the shrinkage of 
particle starts at 20 °C and ends at 37 °C. This is on contrary to un-crosslinked analogues, 
where aggregation was indicated by very sharp increase in hydrodynamic radius. This is also 
in contrast to PNIPAM-based microgels, which showed distinct shrinking over very narrow 
temperature change [142]. However, these types of changes in phase separation behaviour have 
been observed, when hydrophilic monomers were incorporated into PNIPAM-based 
microgels [246]. It was reported that the presence of hydrophilic units in microgel structure 
decreases the propensities for hydrophobic association of isopropyl group, and as the result 
leads to broadening of phase separation transition. 
7.1.3.3. By 1H NMR spectroscopy 
1H NMR spectroscopy was used in order to monitor changes in microgel morphology upon 
heating.  
In Figure 7.12 1H NMR spectra recorded in different temperatures for   synthesised (PGl)55-b-
(PNIPAM-r-DMMIA4,7)160 microgel is shown. At room temperature, both, crosslinked 
PNIPAM core and surrounding poly(glycidol) shell are visible, as PNIPAM chain are 
hydrophilic and the microgel is in its swollen state. However, when the temperature was 
adjusted to values close to Tc and above it, the PNIPAM core was became more and more 
hydrophobic, and gradual attenuation of signal deriving from PNIPAM core was observed. 
The almost complete disappearance of signals from the backbone and N-isopropyl group of 
PNIPAM was observed above 37 °C. Nevertheless, the signals deriving from poly(glycidol) 
shell remained unchanged in the whole range of temperatures proving that it is soluble under 
applied conditions and works as stabilizer of the particle. 
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Figure 7.12. The changes of microgel structure (PGl)55-b-(PNIPAM-r-DMMIA4,7)160 upon 
heating in D2O by 1H NMR.  
7.1.4. Size and swelling properties of PGl-b-PNIPAM microgels as the function of 
composition 
The final physical properties of microgels are usually dependent upon many factors including 
method of synthesis, type of microgel, its affinity to water, or degree of crosslinking. In this 
work all microgels were prepared at the same way above phase separation temperature by 
crosslinking of the PNIPAM-based block copolymers having the incorporated chromophore. 
However, the influence of such parameters as molar ratio of blocks in the copolymer used to 
crosslinking, crosslinking density (the amount of chromophore incorporated to the copolymer 
chains) or poly(glycidol) block length was expected.  
In case of stimuli sensitive microgels, where the physical properties are strongly dependent on 
many of parameters, a useful tool allowing the comparison of properties of different 
microgels is swelling. The swelling ratio α is expressed as the change in microgel volume or 
diameter. The reduced gel diameter parameterα, determined as ratio d/d0, corresponds to the 
ratio of diameter of gel at given temperature to diameter in fully collapsed state (see equation 
7.1.) [1]. By plotting this reduced value of different microgels vs. temperature, so-called 
swelling curves are obtained and the influence of structure, crosslinking density and others 
parameters on final microgels properties can be estimated. Since the hydrodynamic radii of 
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microgels were measured upon heating the α of microgels were determined from the equation 
3.3. 
7.1.4.1. Influence of chromophore content 
The crosslinked microstructure of microgels limits their ability to expand. It might be, 
therefore, expected that the amount of crosslinker present within microgel will determine the 
size of particle, density of polymer chains in the gel and its swelling ability.  
In Figure 7.13. the variation of hydrodynamic radius vs. temperature of PGl-b-PNIPAM 
microgels with the different chromophore content is shown. The measurements were made at 
concentration 0,1 g/L and since all heating-cooling runs were fully reversible, without any 
hysteresis effects, for clarity, only heating runs are presented.  
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Figure 7.13. Dependence of hydrodynamic radius of the microgels with different 
chromophore content; poly(glycidol) DP = 55 (open symbols), DP = 100 (filled symbols).  
As it can be seen in Figure 7.13., different amount of crosslinker (2; 4,7; 5,5 and 9 mol-%) 
were employed to the samples with similar composition (similar ratio of blocks). In each case 
three stages of collapse could be identified for particles, where the 9 mol-% chromophore 
microgel sample displayed the smallest change of hydrodynamic radius upon change of 
temperature. Additionally, the increase of chromophore content in the gel resulted in the 
desired decrease of hydrodynamic radius value and for 9 mol-% of chromophore particles 
were smaller then 40 nm. Generally, monodispersed and spherical structures were preserved 
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for all microgels with the crosslinker content ≥4,7%, where below this value (2 mol- %), more 
irregular shape and broader size distribution, was observed. 
The values of phase separation temperature obtained for analogous microgels with varied 
chromophore content did not change significantly with increase of crosslinking densities. For 
example, according to DSC, microgels with 9% chromophore exhibited volume phase 
separation temperature at 30 °C, where the one with 4,7 % at 31,5 °C (see Table 7.1.). 
However, as it was shown previously the increase of the chromophore content in the block 
copolymer structure results in the decrease of its phase separation temperature and as the 
result of Tc of obtained microgel.  
In Figure 7.14 are presented shrinking curves of presented above microgels (d/d0 vs. 
temperature).  
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Figure 7.14. Swelling curves of microgels with different chromophore content; poly(glycidol) 
DP = 55 (open symbols), DP = 100 (filled symbols). 
All presented microgels collapsed with increase of temperature above volume phase 
separation temperature. Since crosslinking density governs the degree of swelling of 
microgels, the higher the crosslinker content in microgel was the smaller swellability 
occurred. As the result, as it is shown in Figure 7.14 the highest swelling ability was observed 
for sample with 2 mol-% of chromophore. Such behaviour can be explained according to 
topological constraints that are introduced into polymer network through an increasing 
number of intramolecular crosslinking points [1]. From shrinking curves it can be also 
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concluded that the continuous (without discontinuity in volume phase separation) transitions 
from the swollen to collapsed state took place (due to relatively high crosslinking density). 
7.1.4.2. Influence of the block copolymers composition     
This chapter was focused on evaluation of poly(glycidol) influence on final properties of core-
shell PNIPAM-based microgels. Since poly(glycidol) is more hydrophilic than PNIPAM, 
increase of its content in the microgel structure should change hydrophilic-hydrophobic 
balance and thus, the properties of microgel particles. The interesting question was also if the 
different composition of microgels influences its size. Thus, for investigation two series of the 
microgels, with different poly(glycidol) length, containing similar chromophore contents (∼ 
5mol-% in the feed), and different molar ratio of blocks, were synthesised.  
• Influence of poly(glycidol)/PNIPAM blocks ratio 
As it was described in the experimental part, all microgel particles were prepared at desired 
conditions above Tc. The polymer solution was brought up to the formation temperature 45 °C 
or 55 °C (poly(glycidol) of DP = 55 and 100, respectively) by one jump from room 
temperature and crosslinked to similar degree of crosslinking. It was then expected, based on 
results described in 6.2.4. for block copolymers, that for microgels with the same degree of 
crosslinking the decreasing amount of PNIPAM block in the microgel will result in the 
decrease of microgel size.  
The change of hydrodynamic radius of obtained microgels of different composition upon the 
change of temperature is presented in Figure 7.15. As it can be seen the expected distinct 
decrease of size from 65 nm to 37 nm (at swollen state) with decreasing PNIPAM content was 
observed for the microgels with poly(glycidol) block of DP = 55. On the other hand, the size 
of the analogous gels with longer poly(glycidol) chains remained almost unchanged with 
increasing PNIPAM content. 
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Figure 7.15. Dependence of hydrodynamic radii of the microgels with various PGl/PNIPAM 
ratios for poly(glycidol) of DP = 55 (a) and DP = 100 (b). c = 0,1 g/L, θ = 90°.    
However, this trend toward different size may be explained, if the mechanism of microgels 
formation is considered. Since the stability of the latexes itself is decided by the contribution 
of free factors: electrostatic repulsion forces, van der Waals attractive forces and steric 
repulsive forces, this behaviour may be understand on basis of competitions between 
interactions present in the system. As it was discussed in the theoretical part, the attractive 
forces cause aggregation, whereas the steric and electrostatic forces enhance stability. Since 
microgels were synthesised free from any additives (initiator, surfactant etc) in presented 
system, electrostatic forces do not contributed to the stabilization of the colloids. At elevated 
temperatures, PNIPAM segment become hydrophobic and collapses. Thus, in the systems, 
above Tc, stability is governed by the competition of van der Waals attractive forces and steric 
effects coming from poly(glycidol) shell. The copolymers collapse and aggregate while the 
hydrophilic poly(glycidol) stays in solution, stabilizing collapsed PNIPAM microgel chains. It 
is then expected, that in case of longer poly(glycidol) chains, this steric repulsive forces are 
either in equilibrium, or even overcome over attractive forces of PNIPAM chains. Similar to 
shorter poly(glycidol) chains, by decreasing the efficiency of PNIPAM hydrophobic 
aggregation, by increase of poly(glycidol) content, particles are collapsing to form not so 
dense aggregates. However, on contrary to shorter poly(glycidol) chains, for longer 
poly(glycidol) chains (DP = 100) nearly constant microgels size value may suggest that this 
collapse of chains stopped on certain level, independent of PNIPAM length. 
Although, the hydrodynamic radius of microgels with shorter poly(glycidol) was decreasing 
with decreasing PNIPAM content in the samples, the swelling curves seemed to be 
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independent on microgel composition. The only factor responsible for the swelling – 
deswelling properties of the sample seems to be the density of crosslinked core. Thus, 
although the size of obtained microgels and, as the result, of PNIPAM-based core may be 
different, the range in which the particle core can swell is determined by the number of 
conjunction points between polymer chains. As it was shown before the more crosslinked 
core the lower mobility of PNIPAM chains what resulted in lower swelling. Additionally, it 
confirmed, that although poly(glycidol) forms hydrophilic shell and works as stabilizer do not 
influence significantly the phase transition behaviour of microgels. 
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Figure 7.16. Swelling of the microgels with various PGl/PNIPAM ratios for poly(glycidol) of 
DP = 55 (a) and DP = 100 (b). Measurements made at concentration c = 0,1 g/L, θ = 90°.    
• Influence of poly(glycidol) length 
It was expected that by increase of blocks length in copolymers of the same composition the 
size of corresponding microgels will increase. However, the results did not confirm that 
expectation. The predicted statement was observed for microgels of high poly(glycidol) 
content (PGl/PNIPAM block ratio c. 1/2 or 1/3), where the hydrodynamic radius of microgels 
obtained from block copolymers of the longer poly(glycidol) block was higher then for the 
analogous with shorter one (see Figure 7.15). However, the analogous microgels of the lowest 
poly(glycidol) content (PGl/PNIPAM block ratio circa 1/6) showed very similar 
hydrodynamic radius. 
Such unexpected behaviour can be explained in terms of different temperature used during 
preparation of analogous microgels with different poly(glycidol) block length. As it was 
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mentioned, the crosslinking of block copolymers with longer poly(glycidol) block was not 
complete at 45 °C and the microgels prepared from this copolymers were then obtained at 10 
°C higher temperature than the analogues one with shorter poly(glycidol) block. As it was 
found in literature, the higher formation temperature, the smaller particles should be formed 
[142]. Thus, it may be expected that increase of temperature lower the amount of chains 
involved in formation of aggregates and results in reduction of microgel size. 
However, in presented system two factors have to be taken into account. From one side the 
increase of temperature should decrease the size of the core of formed aggregates, and as the 
result of the whole aggregate. On the other hand, the length of hydrophilic poly(glycidol) 
chains surrounding the crosslinked core are extended in water. The increase of poly(glycidol) 
length from DP = 55 to DP = 100 should significantly influence the particle size, if the 
composition of the microgel is kept the same. Thus, it is believed that the increase of 
temperature of crosslinking to 55 °C caused the formation of the smaller microgels, then 
could be expected if crosslinking was made 45 °C. As the result, particles size was reduced, 
however, as PGl/PNIPAM block ratio did not exceeded 1/3, they were still bigger then the 
analogous one with shorter poly(glycidol), where in case of the microgel formed from the 
block copolymer of the highest PNIPAM content the suppress of core was probably 
considerable and was not overcome by increase of thickness of the poly(glycidol) shell.  
As it was mentioned, the increase of poly(glycidol) content has not influenced the swelling 
properties of microgels, so the increase of glycidol length did not affect it as well. 
7.1.5.  Morphology studies of PGl-b-PNIPAM microgels by scanning electron 
microscopy (SEM) 
To get deeper insight into the morphology and structure of the PGl-b-PNIPAM core-shell 
microgels, intensive SEM studies were performed. In contrast to the results described in the 
literature [1], electron microscopy studies of the morphology of synthesised microgels 
appeared to be problematic, probably because of the presence of soft poly(glycidol) shell 
(interaction between surface and polar hydroxyl groups).  
The quality of the SEM sample is significantly influenced by the way of evaporation of the 
solvent (surface tension effects). The forces responsible for ordering of particles during drying 
are called capillary forces [247-248]. Usually, after evaporation of certain amounts of water, the 
particles are getting closer and, due to capillary interactions between them, they are more and 
more packed and order themselves. As the water further evaporates, if dilution is not efficient, 
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particles start to form films. As the result studies of the morphology of the single particle is 
not possible. The drying process was then carried out at different temperatures at air or under 
vacuum. Additionally, the influence of such factors as microgels concentration (varied from 1 
to 0,001 g/L), measurement substrate (glass plate or aluminium foil), or SEM scanning 
conditions (covering by gold layer or without) was studied. 
The best quality of SEM sample was obtained when they were prepared from diluted microgel 
solutions (concentration not exceeding 0,005 g/L) on glass plates by simple spreading of the 
diluted solutions on substrate, dried at room temperature or at 40 °C and covered with gold. 
Under such conditions formation of monolayers of the particles on the substrate was possible. 
Nevertheless, the dimension of microgels measured by SEM was in each case smaller, than 
the one calculated from DLS at collapsed state of microgels. However, taken into account the 
fact that the microgels are soft materials swollen in water (under Tc) such behaviour seems to 
be understandable. Evaporation of water from the sample brought shrinkage of the particle 
and observed volume depression. However, this time as the result of water evaporation not 
only shrinkage of PNIPAM-based core but also of hydrophilic poly(glycidol) shell occurred. 
7.1.5.1. Influence of concentration applied upon crosslinking 
SEM pictures of microgels obtained during crosslinking of (PGl)55-b-(PNIPAM-
DMMIA4,7)160 at different concentrations are shown in Figure 7.17 (a-c).  
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Figure 7.17. SEM images (c = 0,005 g/L) of 
(PGl)55-b-(PNIPAM-r-DMIAAm4,7)160 microgels 
prepared at different copolymers concentration; 
0,1 g/L (A); 5 g/L (B) and 10  g/L (C), 
respectively.  C 
169 
7 Results and discussion – microgels 
170 
Dimensions of microgels obtained by SEM were smaller than those measured by DLS. 
However, the similar tendency was observed; the increase of the concentration upon 
crosslinking resulted in formation of bigger microgels. Additionally, it can be seen that 
microgels prepared by crosslinking at 0,1 or 5 g/L concentration were uniform, spherical and 
appeared narrow in size distribution. Only the microgels obtained when the crosslinking was 
proceeded at 10 g/L seems to be a little less uniform (Sample C) and some fraction of smaller 
particles also can be seen. This result is surprising in comparison to DLS measurement, where 
in each case narrow distributed particles were detected. The hydrophilic layer around particles 
provided sterical stability and prevented coalescence during the evaporation process. Again, 
very efficient stabilization of poly(glycidol) shell was shown.  
7.1.5.2. Influence of crosslinking density 
Since the level of microgel crosslinking affects the size and thickness of particles after they 
are dried [250], the influence of chromophore content on morphology was also investigated. 
One SEM images series is presented in Figure 7.18.  
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Figure 7.18. SEM images (c = 0,005 g/L) of (PGl)-
b-(PNIPAM) microgels with different 
chromophore content: 2 mol%- (A); 4,9 mol%- (B) 
and 9 mol%- (C), respectively. 
 
Despite of discussed size differences, the dimensions of microgel particles with varying 
chromophore content in collapsed state are well correlated with results obtained by DLS, i.e. 
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the higher chromophore content (Figure 7.18 a-c), the lower diameter of synthesised microgel. 
Interestingly, for the sample with the highest chromophore content, tendency to coalesce was 
more pronounced and thus, difficult to avoid. It can be seen in Figure 7.18c, where despite of 
high dilution of the microgel solution, during evaporation process particles ordered 
themselves, despite of the fact that the preparation and measuring condition for all samples 
remained unchanged. 
Thus, this effect was assigned to the microgel structure. Assuming that poly(glycidol) 
conformation surrounding the core behave the same as polymer chain grafted on surface, 
polymers can be adsorbed on microgels surface, as loops or to be in an extended form. Since 
with increasing chromophore content, more compact and densely packed cores are formed, 
the number of grafted poly(glycidol) on microgels per microgel surface also increases. As a 
result the interaction of shells of particles is more pronounced and particles interaction is 
more possible (slight coalescence effect is observed). 
7.1.5.3. Influence of poly(glycidol) block length 
To further investigate the controversy about the influence of poly(glicydol) on microgel 
morphology, microgels with corresponding molar segment ratio of block (i.e. PGl/PNIPAM = 
1/2; 1/3; 1/6) and chromophore content (∼5 mol-%), but with different poly(glicydol) segment 
length (DP = 55 and 100), were visualized. The example SEM photos for the corresponding 
samples are depicted in Figure 7.19.  
A B
Figure 7.19. Microgels with different poly(glycidol) block length obtained from (PGl)55-b-
(PNIPAM-r-DMIAAm4,7)160 (A) and (PGl)100-b-(PNIPAM-r-DMIAAm5,5)320 (B). 
As it can be seen in case of microgels with longer poly(glycidol) segment (Figure 7.19B), 
film formation effect can be also noticed. The microgels particles appeared to form rod-like 
aggregates and only few isolated particles can be observed. This effect was not observed for 
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microgels with shorter poly(glycidol) chains, what clearly shows, how simple change in 
particle composition (i.e. length of blocks) can influence the desired properties of the 
particles.       
7.1.6. Atomic force microscopy (AFM) morphology studies of PGl-b-PNIPAM 
microgels 
AFM measurements of obtained microgels were also performed. As model study, two 
microgels samples of the same composition of blocks, but different poly(glycidol) block 
length were chosen. Sample used for the measurements were prepared by dropping of the 
diluted microgel solution (c = 0,1 g/L) on the mica surface. The excess of the solution was 
removed by weak centrifugal forces and sample was left exposed to air and dried. The 
obtained AFM images are presented in Figure 7.20. 
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Figure 7.20. AFM images of microgels prepared from PGl55-b-(PNIPAM-r-DMIAAm4,7)160 
(a) and PGl100-b-(PNIPAM-r-DMIAAm4,7)160 (b) on mica. C = 0,1 g/L.  
As it can be seen in Figure 7.20, deposition of microgel solutions resulted in nearly 
monodispersed spherical structures, however in case of longer poly(glycidol) chains the 
particle were less regular (some fraction of smaller particles). The diameter of microgel 
particles was found to be approximately 140 nm in both cases where the height of the 
particles varied from 7 to 11 nm. As the height of microgels was much smaller than their 
diameter it can be concluded that the particles were strongly flattened upon drying.  
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The obtained results were in contrast to the one obtained from SEM measurements, however, 
different surfaces were used for preparation of the samples (glass in case of SEM and mica for 
AFM). It was reported in the literature, that deposited structures of polar segments appeared 
to be trapped in a solution conformation on mica due to strong interactions between the polar 
surface and polymers [251]. Thus, because of the polarity of macromolecular microgel chains 
adsorbed on mica, rather good correspondence between microgels morphologies measured in 
dried state was expected. However, the diameter registered by AFM was larger in comparison 
to sizes of microgels in swollen state measured by DLS, confirming that flat structures and 
disk-like morphology microgels were observed. To better visualize this effect also three 
dimensional projection presented in Figure 7.21 was performed.   
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Figure 7.21. AFM three dimensional projection of microgel obtained from PGl55-b-
(PNIPAM-r-DMIAAm4,7)160. 
173 
7 Results and discussion – microgels 
Interesting seems to be also distribution of the particles on the surface (see Figure 7.20.). 
Beside isolated particles, some different assemblies like rods or circles can be observed. This 
may indicate that upon drying of microgels some interactions occurred, leading to small 
spontaneous assemblies. Additionally, within these assemblies so called face-to-face distance 
between neighbouring particles was almost constant, what may suggest that microgels are 
deposited on the substrate with retaining their own excluded volume. The distance between 
particles seems to be almost constant, approximately 50 nm. 
7.2. pH responsive microgels 
In this work also a new approach was applied in order to synthesise microgels responsive on 
changes of pH in the external environment. The new method, based on pH sensitive properties 
of obtained PGl-b-P4VP block copolymers, involved the formation of stable aggregates in 
water at pH slightly higher than pKa of P4VP block and their selective crosslinking above 
phase separation. 
7.2.1. Formation of microgels by quaternization of P4VP 
In contrary to PNIPAM-based microgels, the crosslinking agent was not introduced to the 
polymer chain of P4VP block. The new method used the ionisation ability of aromatic 
nitrogen atom from P4VP block and is schematically presented in Figure 7.22. 
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Figure 7.22. Formation of microgels by quaternization of P4VP. 
Under proper conditions nitrogen aromatic atom undergoes quaternization reaction [242]. If 
both ends of crosslinker react with the polymer backbone the formation of crosslinking points 
is observed, resulting in microgels formation.  
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7.2.2. PGl-b-P4VP microgels formation 
The synthesis of highly crosslinked particles by quaternization of nitrogen atom was 
described by Chen et al. [242]. They carried out the reaction in DMF using dibromobutane as 
crosslinker. The problem which appeared in this work was the complete insolubility of 
dibromobutane in water. Nevertheless it was believed, that after introduction to the collapsed 
system it will solute in the hydrophobic core of the formed aggregate and the crosslinking 
reaction will occur. Unfortunately, such approach failed. The insoluble drops of crosslinker 
formed a suspension in water, did not diffuse to the core of the aggregate and microgel 
formation did not occur. In order to improve the solubility of dibromobutane in water the co 
solvent (solvent of dibromobutane), miscible with water was introduced to the system. As co-
solvent methanol was used. 
7.2.2.1. Influence of co-solvent on the size of microgels 
Methanol was chosen because of few facts. As first it is a good solvent of dibromobutane, 
mixable with water in each ratio. Secondly, it is also a good solvent of P4VP, and as the result 
the introduction of the crosslinker to the core of formed aggregates should be possible. 
Moreover, microgel size should be varied upon different amounts of added methanol to the 
system, thus influence on microgels size can be evaluated. However, the introduction of the 
solvent, which is a good solvent for both blocks of the PGl-P4VP block copolymers may 
influence their aggregation properties upon change of pH. Thus, form one side occurrence at 
high pH of deprotonation of P4VP block will induce the aggregation of the block copolymers, 
but from the other side methanol solubilization of the formed aggregates was expected. As the 
result, the density of the P4VP core may decrease and something like “swollen aggregates” 
will be formed. Moreover, addition of too large amount of methanol may cause that the 
solubilization effect will overcome the aggregation forces and block copolymer will be 
soluble in the whole range of pH. Thus, the amount of the co-solvent must be optimized, so 
that from one side the crosslinker was successfully introduced to the system, but from the 
other side, the pH induced aggregation of block copolymers was possible.  
In order to find the best crosslinking conditions a procedure presented below was applied. As 
first there were prepared acidic solutions (pH = 2) of synthesized PGl-b-P4VP block 
copolymers of concentration 1 g/L. The constant amount of the crosslinker, calculated in 
respect to the P4VP block of the copolymer (targeted 7% of crosslinking density), was 
dissolved in 1, 3, or 5 mL of methanol and mixed with 20 mL of polymer solution. The 
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prepared reaction mixtures were slowly titrated to the pH = 5,5 and left stirring for two days. 
As next methanol was removed from the solution by dialysis upon acidic water. It was 
expected that removal of methanol will not influence on the number of chains forming the 
microgels. The appearance of crosslinking was verified by DLS measurements. It was verified 
as follows: since P4VP segment is hydrophilic at low pH dissolution of aggregates into 
individual copolymer was expected unless crosslinking occurred.  
During DLS measurements particles were detected, confirming successful crosslinking 
process. The values of  Rh (at pH = 2) of obtained microgels are presented in Table 7.2. 
Table 7.2. The influence of methanol content on hydrodynamic radii values of PGl-b-P4VP 
microgels. 
1mL of methanol* 3 mL of methanol* 5 mL of methanol* Sample used for 
preparation of microgel 
Rh dispersity** Rh dispersity Rh dispersity 
PGl25-b-P4VP55 150 0,1 (bimidoal) 303 0,02 660 0,04 
PGl25-b-P4VP80 410 0,1 600 0,02 880 0,03 
       
PGl55-b-P4VP100 82 0,1 (bimodal) 85 0,15 102 0,05 
PGl55-b-P4VP180 135 0,08 (bimodal) 140 0,07 196 0,04 
       
PGl100-b-P4VP90 45 0,2 (bimodal) 55 0,03 90 0,2 
PGl100-b-P4VP 190 60 0,2 (bimodal) 59 0,03 90 0,2 
PGl100-b-P4VP270 73 0,2 68 0,04 91 0,18 
* added to 20 mL of polymer solution of c = 1 g/mol 
** bimodal refers to mixture of unreacted polymer and obtained microgel 
As it can be seen in each of the applied conditions crosslinking reaction occurred and 
formation of microgel particles was observed. However, the best results were obtained, if 3 
mL of methanol were added to the system. Under such conditions the distribution of obtained 
microgels was always monomodal and in most cases with low values.  
Also the size of microgels depended on the amount of the methanol applied during 
crosslinking reaction, where with increase of the methanol amount in the sample the 
hydrodynamic radius of particles was also increasing. Nevertheless, such behavior was 
expected and can be explained in terms of formation of mentioned so-called “swollen 
aggregates”. The introduction of higher amount of methanol to the reaction mixture increases 
the size of aggregate and decreases the density of its core. The crosslinking of bigger 
aggregates resulted in formation of bigger crosslinked particles. However, in each of the 
7 Results and discussion – microgels 
applied conditions the distance between the chains of P4VP in the core was still sufficient, so 
that the crosslinking occurred. 
7.2.2.2. Influence of the amount of crosslinker and copolymer composition on the size 
of microgels 
The crosslinked microstructure of microgels causes that the sample can extend only in some 
limited range. It was, therefore, expected that the change of the amount of 1,4-dibromobutane 
will result in the change of size of particle and its swelling ability. 
The amount of introduced 1,4-dibromobutane was changed, and the theoretical degree of 
crosslinking varied from 3,5 % to 15 % in respect to the P4VP block of the copolymer. 
Taking into account the results obtained in previous chapter the influence of degree of 
crosslinking was carried out only with addition of 3 mL of methanol to 20 mL of polymer 
solution. The obtained values of Rh for microgels with different composition measured at    
pH = 2 are presented in Figure 7.23.   
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Figure 7.23. Influence of crosslinking density on size of microgels measured at pH = 2 
(swollen state). 
As it was expected with increasing amount of crosslinker added to the system in most cases 
the decrease in hydrodynamic radius was observed. It was rather expected as the result of 
more compact, dense core formation.  
For the microgels with the same composition but different length of poly(glycidol) and 
targeted degree of crosslinking the hydrodynamic radius was decreasing with increasing 
length of P4VP block (see Figure 7.23). Additionally, as it can be seen in Figure 7.24. the size 
of microgels was dependent on the mutual ratio of blocks. Generally, the increase of the 
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amount of P4VP block (decrease of PGl/P4VP ratio) in the structure resulted in the increase 
of the hydrodynamic radius of the particles (for the same targeted degree of crosslinking and 
the same poly(glycidol) block length). 
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Figure 7.24. The influence of copolymers composition (poly(glycidol) of DP = 100) on Rh of 
microgels. c = 0,1 g/mol, pH = 2. Macrogels obtained from PGl100-b-P4VP90 (PGl/P4VP = 
1,1), PGl100-b-P4VP 190, (PGl/P4VP = 0,53), PGl100-b-P4VP270 (PGl/P4VP = 0,37). 
 Although the crosslinking of block copolymer occurred, the method which would let to 
calculate the real degree of crosslinking was not found. However, it was expected, similarly to 
PNIPAM-based microgels, that the microgels with the same degree of crosslinking will show 
similar swelling. The swelling of different microgels was calculated according to equation 
3.3. as the ratio of Rh at pH = 2 (swollen form) and of Rh at pH = 7 (collapsed form) and 
results are presented in Table 7.3. 
Table 7.3. Swelling of PGl-b-P4VP microgels. 
Sample used for 
preparation of microgel 
d0/d 
(cal. 3,5% of 
crosslinker) 
d0/d 
(cal. 7 % of 
crosslinker) 
d0/d 
(cal. 10 % of 
crosslinker) 
d0/d 
(cal. 15 % of 
crosslinker) 
PGl25-b-P4VP55 3,1 2,0 1,5 1,3 
PGl25-b-P4VP80 2,0 1,4 1,2 1,1 
     
PGl55-b-P4VP100 2,0 1,15 1,0 1,0 
PGl55-b-P4VP180 1,6 1,4 1,2 1,16 
     
PGl100-b-P4VP90 5,0 3,0 2,3 2,0 
PGl100-b-P4VP270 1,4 1,4 1,1 1,0 
d0, d the particle size at swollen state (pH = 2) and collapsed state (pH = 7), respectively 
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As it can be seen, the swelling of microgels with the same targeted degree of crosslinking was 
different, what indicates that the degree of the crosslinking of this samples is also different. 
The theoretical degree of crosslinking of microgels was then not reached, what indicates lack 
of control of crosslinking degree.  
7.2.3. Behaviour of obtained microgels upon change of pH 
Although synthesis of crosslinked microgels particles of PGl-b-P4VP was possible, they did 
not show reproductive change of Rh upon variation of pH. The repeated changes of pH from 2 
to 7 values resulted in further aggregation of formed microgels, what may indicate that 
obtained microgels behave differently then PNIPAM-based microgels and are not stable under 
applied conditions. Unfortunately this problem was not solved. Yet, promising is the fact that 
in spite of further aggregation obtained microgels did not precipitate from the solution of 
different pH. 
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8. Summary  
In the previous chapters the results of the experiments have been described and discussed in 
details. Conclusions were drawn concerning each particular subject. 
New water soluble Cl-terminated poly(glycidol) macroinitiator was prepared in a three step 
reaction. As a first step series of well-defined, ω-hydroxyl poly(glycidol acetal)s with 
different molar masses were successfully synthesized via anionic polymerisation. By 
transformation of hydroxyl groups using 2-chloropropionyl chloride ATRP moieties could be 
introduced to the polymer chain. The last step of macroinitiator preparation included selective 
acidic deprotection of acetal groups of Cl-terminated poly(glycidol acetal)s. As partial 
cleavage of ester bond of attached ATRP moieties was observed the final functionality of 
macroinitiator calculated from 1H NMR was varied in the range 85 - 95 %.  
The similar procedure applied to obtain Br-terminated macroinitiator was unsuccessful, as 
broadly distributed, low functionalised macroinitiators were obtained.  
Cl- terminated poly(glycidol) macroinitiators of different molar masses were successfully 
employed in ATRP of NIPAM and 4VP. The SEC-MALLS and 1H NMR studies showed 
formation of well-defined stimuli sensitive block copolymer of targeted molar ratio of blocks. 
Additionally, kinetic studies of polymerisation of 4VP showed linear increase of molar mass 
with the conversion, confirming controlled character of the reaction.  
Photocrosslinkable block copolymers of PGl-b-(PNIPAM-r-DMIAAm) having incorporated 
moieties of chromophore (2-(dimethyl maleinimido)-N-ethyl-acryl amide) were also prepared 
using macroinitiator technique. By varying the chromophore content in the polymerisation 
mixture, functionalized temperature sensitive pre-polymers possessing different amounts of 
pendent photo-reactive side groups were synthesized. Although the incorporation of desired 
amount of chromophore was possible its introduction in ATRP polymerisation mixture 
resulted in some perturbation in the system. In contrast to chromophore free analogues, 
copolymers with broader distribution were obtained. Additionally, it was observed that the 
higher chromophore amount added to the reaction mixture the less control of the 
polymerisation system was achieved.  
The properties of obtained block copolymers upon change of temperature or pH were 
investigated with DLS, SLS, 1H NMR, DSC and UV-VIS. In case of PGl-b-PNIPAM it was 
found that the introduction of a hydrophilic segment to the PNIPAM chain increased the 
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phase separation temperature of PNIPAM, where the samples with the highest amount of 
poly(glycidol) showed the highest Tc values. Introduction of chromophore to the PNIPAM 
block resulted in only slight decrease of Tc.  
In case of PGl-b-P4VP the incorporation of hydrophilic poly(glycidol) block to P4VP chain 
did not influence the pKa value of that polymer. In titration curves of samples with different 
molar ratio of blocks at pH ~ 4,5 small plateau corresponding to the deprotonation of P4VP 
block appeared.  
The results obtained from light scattering methods showed that stable aggregates in case of 
PGl-b-P4VP as well as PGl-b-PNIPAM were formed. Beyond critical conditions i.e. elevated 
temperature or pH values, particles with compact core, stabilized by surrounding hydrophilic 
poly(glycidol) corona were observed. However, the size of aggregates depended significantly 
upon the composition of block copolymers. The decrease of the poly(glycidol) content in the 
sample resulted in the formation of larger aggregates. 
In case of the temperature sensitive block copolymers the size of aggregates was additionally 
significantly dependent on the heating rate. It was observed that the faster the heating the 
smaller aggregates were formed. Additionally, it was found upon slow heating that different 
mechanism is involved in aggregation of polymers. In case of copolymers with shorter 
PNIPAM chains interchain aggregation was followed by intrachain collapse of the formed 
core, while in case of longer PNIPAM both this processes appeared simultaneously.  
Additionally, in order to obtain bithermoresponsive polymers monomodal narrow distributed 
block copolymers of PNIPAM-b-P(NIPAM-r-DMAAM) were synthesised by sequential 
monomer addition. The successful copolymerisation was confirmed by 1H NMR and SEC-
MALLS measurements. As it was expected the shift of phase transition temperature of 
PNIPAM in the second block, caused by addition of second hydrophilic monomer, was 
observed. However, the detection of two phase transition temperatures was complicated.  
In order to obtain photocrosslinkable bithermoresponsive polymers chromophore (DMIAAm) 
was successfully incorporated into P(NIPAM-r-DMAAM) block of block copolymer, unless 
the used amount did not exceeded 5 mol-%. If the targeted amount of chromophore in the feed 
was higher the termination of chains occurred and not full conversion of monomers was 
observed. The trial of preparation of gel from synthesized PNIPAM-b-P(NIPAM-r-DMAAM) 
polymer was not successful. The amount of incorporated chromophore was probably too little 
so that the crosslinking reaction could proceed efficiently. 
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The novel stimuli-sensitive, core-shell microgels were obtained by crosslinking the 
synthesised stimuli sensitive block copolymers. Conjunction points have been successfully 
formed by UV irradiation of thermosensitive photocrosslinkable PGl-b-(PNIPAM-r-
DMIAAm) copolymers or by quaternization of pH sensitive PGl-b-P4VP copolymers, 
respectively. In all cases, microgels were prepared above critical conditions i.e. above Tc for 
temperature sensitive or at pH higher then 4,5 for pH sensitive copolymers. 
In case of thermosensitive microgel formation, the formation of stable core-shell type 
microgels was confirmed by DLS measurements. The synthesised microgels showed 
continuous volume phase separation process upon increase of temperature, fully reversible 
and reproducible (no hysteresis effect). Light scattering measurements as well as SEM and 
AFM microscopy confirmed spherical shape of the formed particles. However, in case of 
microgels obtained from block copolymers of longer poly(glycidol) chains the particles 
appeared to form rod-like aggregates on the surface, what was observed by SEM microscopy. 
The Tc values of microgels were found to be in each case lower then in case of their 
uncrosslinked analogues, however crosslinking of block copolymers did not suppress their 
thermal properties.  
The control of parameters like irradiation time, concentration, temperature, structure of block 
copolymers (chromophore content, molar ratio of segments) influenced the final properties of 
microgels. Similarly as in case of aggregation of block copolymers, the decrease of microgel 
diameter was observed as the heating rate was increasing. The change of temperature by one 
jump from 25 °C to desired one (i.e. 45 °C or 55 °C resulted in the aggregates with the 
smallest sizes. 
The minimal chromophore amount required for formation of network was found to be 5 mol-
% for block copolymers with shorter poly(glycidol) length (DP = 55), while in case of longer 
poly(glycidol) (DP = 100) 2 mol-% of chromophore in the feed was sufficient for formation 
of stable and narrow distributed microgels. Additionally, it was found that the crosslinking of 
applied chromophore was a very fast and efficient process. Rh of formed microgels studied by 
DLS remained unchanged after 30 minute indicating the complete crosslinking reaction. Rate 
of crosslinking appeared to be independent on chromophore content, however, the final size 
of the microgel was significantly dependent on crosslinking density. If the same composition 
of microgels was kept (similar ratio of blocks) the microgels with higher amount of 
chromophore were smaller. 
8 Summary 
183 
The microgels size was only slightly influenced by the concentration of polymer upon 
crosslinking. The formed aggregates were stabilized by surrounding poly(glycidol) shell and 
no interaggregate crosslinking occurred. 
Hydrodynamic radiuses of the formed microgels were also significantly dependent on the 
mutual ratio of block copolymers used to crosslinking. The decrease of the size was observed 
upon decrease of the PNIPAM content in the sample with poly(glycidol) block of DP = 55. 
On the other hand, the size of the analogous gels with longer poly(glycidol) chains remained 
almost unchanged with increasing PNIPAM content. 
Thus, the proposed method not only gave the opportunity to control such fundamental 
microgel properties like size or swelling degree, but also diminished problems with the 
gradient in crosslinking density (random chromophore distribution in polymer backbone), 
improved colloid stability (poly(glycidol) shell), completely eliminated additives (surfactants, 
initiators, stabilizers), which unremoved usually strongly influenced on final microgel 
properties.  
The synthesis of pH sensitive microgels by quaternization of nitrogen atom of 4VP segment 
of PGl-b-P4VP was also confirmed by DLS measurement. Similarly as in case of PNIPAM-
based microgels the hydrodynamic radius of microgel was influenced by both the composition 
of the block copolymer used for crosslinking as well as by the degree of crosslinking. It was 
noticed that the increase of P4VP block length results in formation of larger aggregates, while 
the decrease of Rh was noticed with increasing crosslinking degree. Nevertheless, the obtained 
pH-sensitive microgels did not show reproductive change of Rh upon variation of pH. The 
repeated change of pH from 2 to 7 resulted in further aggregation of formed microgels. 
Unfortunately this problem was not solved. 
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9. Outlook 
The progress made in the field of synthesis of stable microgels in additive free systems and 
relatively high concentration opens new routes of colloidal microgels preparation for desired 
applications. The synthesised PGl-b-PNIPAM microgels might be in the future applied as so-
colled nano-containers as they show fully reversible swelling-deswelling behaviour upon 
stimuli. Sponge-like structure with simultaneously excellent microgel stability should enable 
the diffusion of different substances into microgel structure at swollen state. The release of the 
loaded compound should be obtained at temperatures higher than phase separation 
temperature of microgels, what is schematically presented in Figure 9.1.  
Other interesting area might be the application of synthesised microgels as nano-reactors. At 
swollen state, substances could diffuse into the core of the particle, react inside the core while 
the products could be repelled out by simple increase of temperature. 
** CH2 CH
CH2
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Figure 9.1. Possible applications of core-shell microgels based on poly(glycidol)  
Presence of easy accessible hydroxyl groups in the microgel shell offers the possibility to 
locate reactive groups or reactive sides i.e. enzymes, catalysts etc. However, since 
modification of hydroxyl group in poly(glycidol) backbone is well-known in literature [230, 
232], and proceeds in organic solvents, the following experiment was performed: microgels 
sample was freeze-dried and dissolved in DMF. After removal of DMF microgel sample was 
re-dissolved in water once again. The results obtained upon DLS and SEM measurement 
(before and after freeze drying of the microgel) are given in Figure 9.2.  
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Figure 9.2. F(Rh) and SEM images of PGl55-b-PNIPAM160 before (A) and after freeze drying 
process (B),  respectively. 
As it can be seen distribution function as well as the size of swollen particles remained narrow 
and almost unchanged upon freeze-drying. It let to believe that the wide range of modification 
reaction could be applied to modify the structure of microgels. The studies on this topic are 
already being developed in our group. 
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10. Abbreviations 
AcrCl – acryloic chloride 
AFM – atom force microscopy 
ATRA – Atom Transfer Radical Addition 
ATRP – Atom Transfer Radical Polymerisation 
biPy – 4,4’-dimethyl-2,2’bipyridine 
(Boc)2O – di-tert-butyldicarbonate 
BPB – α-bromopropionate bromide 
CAC – critical association concentration 
CMC – critical micelle concentration 
CPC – α-chloropropionate chloride 
CRP – Controlled Radical Polymerisations 
d – diameter 
D – diffusion coefficient 
DLS – Dynamic Light Scattering 
DMF – N,N’-dimethylformamide 
DMIAAM – dimethylacrylamide 
DMI – dimethylmalimide  
DMIAAm – N-(2-dimethylmaleimidoethyl)-acrylamide 
DMSO – dimethyl sulphoxide 
dn/dc – refractive index increment 
DP – degree of polymerisation 
DSC – Differential Scanning Calorimetry 
GC – gas chromatography 
LCST – lower critical solution temperature 
MALDI-TOF-MS – Matrix-Assisted Laser Desorption Ionisation Time of 
Flight Mass Spectroscopy 
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MBP – methyl 2-bromopropionate 
MCP – methyl 2-chloropropionate 
Me4Cyclam – 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane
Me6TREN – tris-(2-dimethylaminoethyl)amine 
Mn – number average molar mass 
Mw – weight average molar mass 
Mw/Mn – dispersity index  
1H NMR – Nuclear Magnetic Resonance Spectroscopy 
NIPAM – N-isopropylacrylamide 
NVP – N-vinylpyrrolidone 
PEBr – 1-Phenylethylbromide 
PECl – 1-Phenylethylchloride 
PDMIAAm – poly(dimethylacrylamide) 
P4VP – poly(4-vinylpyridine) 
PGl – poly(glycidol) 
PGl-Cl – chlorine ω-ended poly(glycidol) macroinitiator  
PGl-b-P4VP – poly(glycidol)-block-poly(4-vinylpyridine) 
PGl-b-PNIPAM – poly(glycidol)-block-poly(N-isopropylacrylamide) 
PGl-b-P(NIPAM-r-DMIAAm) – poly(glycidol)-block-[poly(N-isopropylacrylamide)-r-
(N-2-(3,4-Dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-
yl)-ethyl-acrylamide)] 
PGl-b-PtBuAc – poly(glycidol)-block-poly(t-butylacrylate) 
PGl-b-PAAc – poly(glycidol)-block-poly(acrylic acid) 
PNIPAM – poly(N-isopropylacrylamide) 
PNIPAM-b-P(NIPAM-r-DMAAM)  – poly(N-isopropylacrylamide)-block-poly((N-
isopropylacrylamide-r-dimethylacrylamide) 
PNIPAM-b-P(NIPAM-r-DMAAM-r-
DMIAAm) – 
poly(N-isopropylacrylamide)-block-poly(N-
isopropylacrylamide-r-dimethylacrylamide-r-N-2-
(3,4-dimethyl-2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-
ethyl-acrylamide)) 
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PMEDTA – N, N, N’, N’’, N’’-pentamethyldiethylenetriamine 
PS-b-P4VP – poly(styrene)-block-poly(4-vinylpyridine) 
RAFT – Reversible Addition-Fragmentation Transfer 
Rg – radius of gyration 
Rh – hydrodynamic radius 
SDS – sodium dodecyl sulfate 
SEC-MALLS – Size Exclusion Chromatography with Multiangle 
Laser Light Scattering 
SEM – Scanning Electron Microscopy 
SLS – Static Light Scattering 
Tc – phase separation temperature 
Tg – glass transition temperature 
tBuA – t-butyl acrylate 
tBuOK – potassium t-butoxide 
TEA – triethylamine  
TFA – trifluoroacetic acid 
THF – tetrahydrofuran  
UV – ultraviolet 
UV-VIS – Ultraviolet-Visible Light Spectroscopy 
4VP – 4-vinylpyridine 
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